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USE IN TREATING AIRWAY AND VASCULAR DISEASES 

DECLARATION UNDER 37 CFR $ 1.132 

Commissioner for Patents 
PO Box 1450 

Alexandria, Viiginia 22313-1450 
I, Lawrence E. Cotnett, hereby declare: 

1. I am an inventor of the cqjtioned application. Ihave worked in the field of adren^gic 
receptor stracture and function, including how adrenergic receptor gene expression is regulated 
in mammalian tissues that are responsive to circulating catecholamines since 1977. I have 
published over 32 papers in this field. My cmriculum vitae is of record in this appUcation as it 
has been submitted with my previous declarations. 

2. I have read and understood the Office Action dated December 22, 2003 , and particularly 
the Examiner's comments on pages 3 and 4, regarding the alleged insufficiency of my previous 
declaration filed under 37 CFR 1.132 on October 16, 2003 for overcoming the lack of an 
enabling disclosure based on tiie Examiner's position in the Office Action dated January 15, 
2003, and maintained in the Advisory Action dated May 22, 2003, in the above-identified 
application. 

3. The Examiner states that my previous declaration dated October 16, 2003 did not contain 
Figure 1, cited as Exhibit B, which was discussed in my declaration. From a fair reading of my 
previous declaration, it is evident that Figure 1 (Exhibit B) was submitted with my declaration 
dated October 16, 2003. I herewith provide a copy of Figure 1, as Attachment 1, and assure the 
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Declaration of Dr. Lawrence E. Comett 

Examiner that attached Figure 1 is the same as Figure 1 referenced as Exhibit B in my previous 
declaration. 

4. In response to the Examiner's comments that the evidence presented in my previous 
declaration dated October 16, 2003, is only peripheraUy related to . .whether the claimed 
method can be used to treat asthma or some other undisclosed airway disease,'* I would hke to 
provide further explanation and clarification of the experimental data depicted in Figure 1 and 
provide additional data and comments to support my position that the claimed method can be 
used to introduce the P2AR gene into airway cells which is expressed. 

5. I refer you to my declaration dated October 16, 2003, ^3 but as a courtesy, I again 
provide my previous statement regarding experimental data not provided and data provided in 
Figure 1 below: 

Twenty, adult Sprague Dawley rats at stable weights of -400g 
were (hvided into 5 groups (n = 4 per group) based on treatment; 
Group 1 - saline treatment via endotracheal bolus; Group 2 - 
AAV2 treatment via endotmcheal bolus; Group 3 - AAV2 
treatment via endotracheal nebulization; Group 4 - AAVl 
treatment via endotracheal bolus; and Group 5 - AAVl treatment 
via endotracheal nebuUzation. AAVl and AAV2 represent two 
different serotypes of AAV and, currently there are six known 
AAV serotypes, Nebulization was performed in-line with the 
ventilator using the Aeroneb Lab device (provided by Aerogen, 
Inc.). A total of 240 ^il of vector containing the human -P2AR 
gene (AAV-P2AR/EGFP) or saline was delivered to the airway in 
80 ^1 aUquots followed by ventilation for 5 minutes and rotation of 
the animal between each delivery to maximize distribution. 
Eighteen animals completed the study. One saline control animal 
expired after baseline measurement due to tracheal puncture, and 
one AAVl animal was eliminated due to anesthesia issues at 
follow-up. All other animals were recovered after the first data 
collection and completed second data collection. Mean body 
weight was 421g at baseline and was 455g 4 weeks after treatment, 
representing a 9% change in body weight over the 4 week study 
period. 

Respiratory function was measured, using the FlexiVent System 
(SCnUEO, Montreal, Quebec, Canada) before, and at 4 weeks after 
gene delivery for changes in lung function, including change in 
airway dynamic resistance (representing total airway resistance) 
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DecJaration of Dr, Lawrence E. Comctt 

aixd for change in Newtonian resistance (a measure of central 
airway resistance). Because it minimizes ventilator dead space, the 
FlexiVent System is a superior method to obtaining flow 
measurements in small animals compared to the more traditional 
methods using pneumotachogr£5)hs. After 4 weeks, all treatment 
groups showed a modest fall in dynamic airway resistance (data 
not shown), but with no statistically significant differences 
between treatment groups. The modest drop in airway dynamic 
resistance likely reflects the modest change in airway size with 
sUght increase in weight and airway diameter. The central airway 
resistance measurements in AAV-PjAR treated rats and control- 
rats are presented in Figure 1 (Exhibit B). Both the AAV2 
nebulization group ((jroup 3) and AAVl nebulization groiq) 
(Group 5) demonstrate a fall in Newtonian resistance in 3 of 4 rats 
in Group 3 (See Figure 1, Panel 5) and in 3 of 3 rats in Group 5. 
(See Figure 1, Panel Q. In the 3 control animals, there was no 
consistent change in Newtonian resistance over the 4 week period 
of the study (See Figure 1, Panel A), Animals treated with AAVl 
or AAV2 via bolus showed no significant change in resistance 
(data not shown). 

6. In particular the Examiner's criticisms of the data presented in 1f3 in my October 16, 2003 
declaration, ^pear to be concerned with the fact the summary of the results are based on the 
administration of AAV-P2AR to noraial rats and that *'...only a ^modest fall in dynamic airway 
resistance* was observed. . I wish to clarify the summarized data that was not shown in Figure 
1 by that was characterized as "modest"by firstly stating that two different measurements of 
airway resistance were assessed and summarized above. Specifically, the rats* respiratory 
function was measured using the FlexiVent System before and at 4 weeks after gene delivery for 
(1) change in lung function, including change in airway dynamic resistance (representing total 
airway resistance including the trachea down to the smallest airways), and (2) change in 
Newtonian resistance (representing a measure of central airway resistance). In my previous 
declaration, I stated that: 

[a]fler 4 weeks, all treatment groups showed a modest fall in 
dynamic airway resistance (data not shown), but with no 
statistically si^rificant differences between treatment groups. The 
modest drop in airway dynamic resistance likely reflects the 
modest change in airway size with slight increase in weight and 
airway diameter. 
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Declaration of Dr. Lawrence E. Comett 

This summary reflects measurements of the dynamic airway resistance, which includes the 
component of resistance due to elastic forces within the tissue. Dynamic airway resistance 
quantitatively assesses the level of constriction in the lungs and is based on the Linear First- 
Order Single Compartment Model, which is a standard model of respiratory mechanics. 
However, using the Constant Phase Model, which is an advanced model of respiratory 
mechanics, it is possible to distinguish between central and peripheral respiratory mechanics. 
The Newtonian resistance parameter, also measured in our study, represents the resistance of the 
central airways, with the tissue component removed. It is well known that the central airways, as 
opposed to smaller, peripheral airways are of more significance in determining overall airway 
resistance in both non-astfmiatic as well as the asthmatic lung (See Attachment 2 - Leff, AR and 
Schuroacker, PT. Respiratory Physiology: Basics and Applications, W.B. Saunders Company, 
Philadelphia, 1993, pp. 24-46), and therefore are the more important targets for asthma 
treatments tiiat relieve bronchoconsttiction. Further, this latter measurement more directly 
reflects airway diameter. So, it is my opinion that the Newtonian resistance is the preferred 
measurement since it more directly reflects airway diameter because the tissue component of 
lung resistance is fairly constant except in certain diseases (fibrosis) where the lung becomes 
"stiff' and consequently difficult to move. Asthma is an obstructive airway disease manifested 
by airway narrowing. Newtonian resistance measures the resistance of the airways and 
consequently is the best measure of the status of the airways following delivery of medications 
that should benefit the asthmatic airway. 

hi my October 16, 2003 declaration, I summarized the Newtonian resistance 
measurements depicted in Figure 1 (herein Attachment 1) as follows: 

The central airway resistance measurements in AAV-P2AR treated 
rats and control-rats are presented in Figure I . Both the AAV2 
nebulization group (Group 3) and AAVl nebulization group 
(Group 5) demonstrate a fall in Newtonian resistance in 3 of 4 rats 
in Group 3 (See Figure 1, Panel B) and in 3 of 3 rats in Group 5, 
(See Figure 1, Panel C). In the 3 control animals, there was no 
consistent change in Newtonian resistance over the 4 week period 
of the study (See Figure 1, Panel A). Animals treated witii AAVl 
or AAV2 via bolus showed no significant change in resistance 
(data not shown). 
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Figure 1 provides data to support this sununaiy and shows that the administration of the AAV- 
pjAR to rats (Group 3 - Panel B and Group 5 - Panel C) as compared to control untreated rats 
(Panel A) results in decreased central airway resistance, thus showing an increase in central 
airway dilation In my opinion, this data demonstrates that the expression of AAV-P2AR is 
responsible for the measured decreased central airway resistance and increased airway diameter. 

7. It also is my opinion that rodents are reliable models to study human lung diseases. In 
support of my position, I provide a copy of Gomes etal.,3s Attachment 3, which reports the 
results of studying the respiratory system mechanics of mice, rats, guinea pigs and rabbits and 
provides technical explanations for deteraiining airway function m rodents. Gomes et al. 
concludes that the rodents that they . .studied had respiratory mechanics that scaled according 
to body weight (BW) in a similar feshion to that reported in other species". . .and that .. "[t]his 
suggests that the lungs of the rodents that we studied differ from those of larger species 
essentially only in terms of scale, which supports their validity as general-purpose models of the 
human lung." (See l" column on page 915). 

8. In the Office Action of December 22, 2003, the Examiner accepts the data presented in 
previously submitted Figure 2, attached to my October 16, 2002 declaration, as evidence "that 
some airway cells had been tiansfected, and expressed the human P2AR encoded by the AAV 
vectors." However, the Examiner criticizes tiie results presented in of my October 16*'' 
declaration by stating that die data "simply verifies that some airway cells had been transfected, 
and expressed the human -pjAR encoded by the AAV vectors. ... and that there is no evidence 
that the 'modest' effect would be therapeutic in the treatment of asthma, and more importantiy, 
that one would be able to transfect airway epithelium in asthmatics to produce even the 'modest* 
effect observed for the nonnal rats." I again refer to the results obtained with the 
immunobistochemistry experiments shown in Figure 2, previous Exhibit C as providing evidence 
that there is a distribution of target proton expression of both EGFP and human pjAR between 
treatment groups, 4 weeks after treatment with AAVl using nebulization (Figure 2, upper 
panels) and AAV2 using ncbuUzation (Figure 2, center panels) of both EGFP and human paAR 
expression as compared to saline treated animals (Figure 2, bottom panels). Saline treated 
animals showed no EGFP or human P2AR expression. 
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DecIaratioD of Dr. Lawrence E. Cotnett 

In regard to the Examiner's position that these results represent a modest effect, it is my 
opinion that for therapeutic effect it is not necessary to infect every airway epithelial cell, hi 
support of my position, I direct the Examiner to the specification (p. 4 and Figure 2, also 
submitted with my previous declaration, herein Attachment 4), where the role of airway 
epithelial cells in mediating a relaxing effect on airway smooth muscle is discussed. Airway 
epithelial cells when stimulated by beta agonists are hypothesized to release a factor that acts on 
airway smooth muscle to cause relaxation. So, increased release of tiiis relaxing factor by one 
airway epithelial cell would be expected to impact many airway smooth muscle cells in the 
immediate area. 

9. In fiirthw sappoxt of tiie enablement of the claimed method to decrease airway resistance 
in an asthma model, I provide the results of another stiidy which utilized allergen-sensitized 
Brown-Norway rats. Specifically to assess changes in P2AR expression and airway 
responsiveness after AAV-P2AR nebulization deUvery, Brown-Norway rats were allergen 
sensitized and response to methacholine challenge was assessed at 4 weeks. Methacholine is an 
airway constrictor. Saline-treated controls (n=4) were compared to AAV-P2AK (n=4) infected 
animals. Ovalbumin acts as an allergen and makes the rats' lungs asthma-like, e.g., constricted 
with inflammatory infiltrates. Evidence for allergen sensitization was confirmed during weekly 
ovalbumin aerosols in which animals developed dyspnea, retractions and gagging that resolved 
with aerosol cessation. The inflammatory response was assessed in adjacent sections stained with 
hematoxylin and eosin by a pathologist blinded to treatment. Two control and 3 AAV treated 
animals completed the study. One control expired during pre-tireatinent lung fimction, and 
another has persistent seizure activity induced by sedation, while one AAV rat expired during 
methacholine challenge. All three AAV-P2AR treated animals showed decreased resistance and 
elastance when compared to the two controls during methacholine challenge dosing. As 
resistance falls at a constant ventilation pressure (PEEP), more gas flows to additional lung 
segments resulting in increased compUance due to over-distention. 

Airway resistance is measured in ovalbumin-sensitized Brown-Norway rats treated with 
sahne or infected with AAV-p2AR, and attached herewith as Figure 3 (Attachment 5) plots 
airway resistance during increasing methacholine challenge fi:om one representative animal in 
each group (control, closed circles; AAV, open circles) beginning 4 weeks after infection 
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(baseline) and during methacholine chaUenge (0.325-6.25 mg/ml) to the end point of greater than 
200% R. Point of recovery to 80% of baseline R is shown. The data show that the AAV-pzAR 
treated animals were less responsive to methacholine suggesting that these animals' airways 
were dilated more compared to the control animals. Based on these results, it is my opinion that 
the observed increased dilation of the airways was due to overexpression of the AAV-PjAR in 
diese animals. 

10. In ftirther support of the validity of above allergen-induced bronchial 
hyperresponsiveness in sensitized Brown-Norway rats, I enclose a copy of Elwood et ai, 
(Attachment 6), discussed on page 34 of the present specification, and as noted tharein, . . .[t]he 
"sensitized Brown-Norway rat is considered a reasonable approximation of the state of airways 
in atopic asthma." This publication is one of many scientific publications that utilize an 
ovalbumin-sensitized Brown Norway rat as a model system to study tile asthmatic lung. This 
publication also supports the use of a methacholine challenge to determine the state of the 
airways (e.g., airway diameter by measuring Newtonian resistance). 

1 1 . Additionally, a publication firom McGraw et ai , 2000 (already of record in the 
application but provided here as a courtesy to the Examiner as Attachment 7) investigated lung 
function in transgenic mice that overexpress the p2AR and thereby shows a correlation between 
airway dilation and asthma therapy. This publication demonstrates using transgenic animals (the 
transgene is the P2AR gene driven by a Clara cell promoter and the authors determined that the 
transgene was expressed at high levels in airway epithelial cells) tiiat overexpression of the pjAR 
in airway epithelial cells is protective against the constricting effect of methacholine on airways. 
This is the same result that we obtained using Brown-Norway rats in oui Figure 3 (Attachment 5) 
that had been treated with the virus. 

12. I also have considered the Examiner's comments that Orkin, Factor and Demoly raise 
issues that rq)orter gene studies are not predictive of therapeutic success and that studies of 
asthmatic lungs and the deUvery of genes to them via vectors si:pport the unpredictability of the 
outcome of treating airway diseases. The Examin« further states that the prior art represented 
by Orkin, Factor and Demoly disclose the unpredictability of the study of tiie asthmatic lung, and 
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thus uses tbis premise to criticize the data presented herein as not being indicative of therapeutic 
effect in treating asthma. In response to this position, I refer the Examiner to Gomes etai 
(Attachment 2), discussed above, that provides a good discussion of measuring airway resistance 
in small animals. Again, the Examiner is directed to the last sentence of this publication in the 
1*' column on page 915 that concludes after perfonning the experiments that . .the lungs of the 
rodents that we studied differ from those of larger species essentially only in terms of scale, 
which supports their validity as general-purpose models of the human lung." 

But an important consideration in regard to the "known issues'* disclosed in Factor, Qrkin 
and Demoly is that when these articles were written (and this still holds true today in large part), 
most scientists thought of gene therapy as providing cells/organisms that have a defective copy 
of an essential gene with a "good copy" of a that gene. This line of thinkiug requires that the 
defective gene be known since that is the only way one can provide a normal copy of the gene. 
This is the case for example, for cystic fibrosis, in which the defective gene is known as well as 
the precise mutations, e.g., the CFTR protein. Conceptually, it becomes straightforward to make 
a nonnal copy of the gene and deUver it to the afflicted celVorganism. Factor, Orkin and 
Demoly discuss using gene therapy strategies to treat asthma at a time when the "defective gene" 
underlying asthma was not known and it still is not known. So it is my opinion that this premise 
explains why these authors were so negative about the prospects of using gene therq)y to treat 
asthma. 

But what must be considered here is that while what the present invention is directed to is 
"gene therapy," it is not providing a normal copy of a gene to an organism that has a defective 
copy. But rather, what the present invention discloses is actually a "gene augmentation therapy" 
which provides a method to increase the amount of gene product (P2AR) that is a therapeutic 
target in asthma, and thereby mcreases the airway relaxing effect of both endogenous 
catecholamines and bronchodilator medicines. 

In support of my position, Dr. Factor discloses in Factor (2001), page 518, paragraph 
bridging the and 2"** columns, "another gene therapy approach to asthma" that may include the 
"development of supportive therapies that reduce airway resistance by either improved 
bronchodilation . . ." Dr. Factor cites the McGraw publication (Attachment 7) discussed in 
paragraph 11, above, and describes his own preUminary data ". . .that adenoviral-mediated 
overexpression of a |32AR in the bronchial epithelium of nonnal mice attenuates methacholine- 
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induced bronchospasm by increasing sensitivity to endogenous catecholamines." Dr. Factor has 
published a review paper in 2003, Attachment 8, where he reiterates the infonnation from his 
2001 publication under the heading of "Supportive Approaches" and indicates that he has 
published his preliminary data showing that the overexpression of |32AR in normal mice 
attenuated methacholine-induced bronchospasm (see citation [26]). I therefore interpret Dr. 
Factor's comments as supporting the enablement of the claimed invention. 

13. I hereby declare further that all statements made herein of my own knowledge are true and 
that all statements made on infonnation and belief are beheved to be true and fiirther that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize (he validity of the application or any 
patent issuing thereon. 

By:_Lf=,L-=^ 
Lawrence E. Comett, PhlD. 



Date: 
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Lung Mechanics: 
Dynamics 



Ail is a fluid, and the principles that govern its 
movement in and out of the lung are those of fiuid 
dynamics. Dynamics is that aspect of mechanics that 
studies physical systems in motion. By appUcation 
of Newton's law of motion, the mechanisms that 
affect the flow of air into and out of the lung in 
health and in diseases are defined. 

Row Regimen$ in Airways 

Ruid flow will occur along a rig^d tube when a hy- 
drostatic pressure difference exists between one erid 
of the tube and ttie other. In airways, gas flow will 
occur when a pressure difference exists between 
one point along the airway and another, as long as 
the airway is open and a free path for gas flow 



exists. When a fluid flows along a tube, the average 
velocity (speed, in cm/sec) can be calculated by di- 
viding the overall flow rate (ml/sec) by the cross- 
sectional area of the hibe (cm^). 

Fluid movement can be laminar or turbulent or 
may have characteristics intermediate between 
these two extremes {Figure 2-1), In laminar or 
stream-lined flow, the fluid traveling at the center 
of the tube moves most rapidly, while the fluid in 
direct contact with the tube waU remains stationary. 
If water flows down a pipe under laminar condi- 
tions, a small stream of ink injected at the center of 
the pipe will tend to stay at the center of the flow 
stream as it travels down the tube. Another stream 
of ink injected between the center of the pipe and 
the waU will also travel in a straight line but will 
move down the pipe more slowly. One way to 
ima^ this is to think of the fluid as if it were 
composed of a series of concentric tubes sliding past 
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Laminar flow 




Disturbed laminar flow 




Turtulent flow 




-A P« KaV2- 




Figure 2-1. Laminnr, dishnbect and turbulent flow 
conditions. All flow travels parallel to the wds of the tube 
onder laminar flow conditions. Fluid at the center of th« tube 
moves at a hi^et velocity than flow near the tube boundary. 
Eddies and vortxces disrupt the flow pattern in turbulent flow 
$tBt«. Although net movement of fluid occurs along the 
tube turbulent eddi« generate flows p«rpendicular to the 
tube axis. This process coinsume? energy, causing a steeper 
drop in pressure alcHig the tube than in laminar flow 
re^mens. In di5tuil?ed laminar flow, diaracteristicB of both 
laminar and turbulent flow are present 



each other, much Klce a radio aerial being pulled out. 
Because the fluid velocity decreases with the square 
of the radial distance away from the center of the 
tube, laminar flow is said to have a parabolic velocity 
profile. In laminar flow re^ens, the average fluid 
velocity in the tube is half of the peak velocity seen at 
the center of the tube. Laminar flow does not begin 
at the entrance of the pipe, since the fluid must 
travel some distance dovm the pipe for laminar flow 
conditions to become fully established. 

In marginally laminar or disturbed flow, character^ 
istics of both laminar and turbulent flow can be 
seen. Flow is generally laminar, but eddies are gen- 
erated at sites where the tube narrows or branches 
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or changes dimexisions or where irregularities in the 
tube stirface are encountered. This flow regimen is 
similar to the pattern of eddies seen as water vapor 
rises above a cup of hot tea. 

In fully turbulent flow, fluid movement occurs 
both in radial perpendicular to the axis of the 
tube) and axial directions. Although fluid in contact 
with the tube wall still remains stationary, the ve- 
locity profile across the tube is much more blunt 
than the parabolic profile seen in lamituir flow; 
there is less variation in fluid velocity as a function 
of radial position in the tube. Because fluid moving 
in a radial direction can impact on the tube wall, 
noise is often generated in turbulent flow states. 
Since energy is consiuned in the process of generat- 
ing the eddies and chaotic fluid movement a higher 
driving pressure is required to support a given flow 
rate under turbulent as opposed to laminar flow 
conditions, other factors remaining the same. 

Under laminar flow conditions^ the pressure dif- 
ference between two points along a tube is directly 
proportional to the flow rate: 

AP = • V 

where AP is the pressure difference (cm HjO), kj is a 
resistive constant for the system (cm HjO * sec/ml) 
and V is flow rate (ml /sec). (Note that the dot above 
the V signifies change in volume with respect to time, 
i.e., flow rate). Stated alternatively, the driving 
pressure (AP) along a tube must be doubled to dou- 
ble the flow rate during laminar flow. In turbulent 
flow conditions^ the pressure diHerence between 
two points along the tube increases with the square 
of the flow rate. Thus, doubling the flow under 
turbulent conditions requires more than a doubling 
of the driving pressure, since some of the fluid 
moves perpendicular to the axis of die tube. The 
relationship between driving pressure and flow for 
a turbulent system can be approximated by: 

AP kj • V» 

where AP is the pressxure difference, ka is a constant 
for the system, and V is flow. Thus, there is a linear 
relationship between pressure and flow under lam- 
inar conditions and a noitlinear relationship under 
turbulent conditions. Rgure 2-2 shows this rela- 
tionship graphically. During tidal breathing, fluid 
flow is highly turbulent in the trachea, is less ttirbu- 
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Driving Pressure ( P, cm H2O) 

Rgure 2-2. Relationfihip between driving pressure and Aqw 
through a pipe under laminiir and turbulent flow condition?. 
During laminar flow, an increase in th^ driving pressure 
^^oduces a prop<vtionate increase in flow rate, hi turbulent 
flow states, the same increase in pressure augments flow to a 
lesser degree, since some of the increase in dnving pressure 
moves fluid in a direction perpendicular to the tuhe axis. 



lent in smaller bronchi/ and finally becomes 
laminar-like in the small peripheral airways* There- 
fore, the total pressure drop that occurs between 
alveoli and the mouth during inhalation includes 
some contribution from laminar-like flow plus 
some contribution from turbulent flow regimens. 
This can be approximated using the following rela- 
tionship: 

This equation states that the total pressure differ- 
ence between an alveolus and the mouth (AP) is the 
sum of the pressure drop encotmtered in laminar 
flow regions (small airways) and in turbulent flow 
regions G^^^ airways), 

Reynolds Number and Turbulent Flow 

It is possible to predict whether flow in a system will 
tend to be lamiriai or turbulent by calculating the 
Reynolds number (Re). 



where /? is the density of the fluid (g/ml), D is the 
diameter of the tube or airway (cm), u is the average 
velocity (cm/sec), and 77 is the viscosity of the fluid 
(g/[sec • cm]), Reynolds number is a dimensionless 
value because it expresses the ratio of two dimen- 
sionally equivalent terms (kinematic/viscous). For 
any fluid, flow generally tends to l>e turbulent when 
Re is greater than 2000 and laminar when Re is less 
than 2000, although this is only an approximation. 

During normal tidal breathing, gas flows of 1 
liter/sec are common at the moudi. In an adult tra- 
chea with a diameter of 3 cm, this will produce 
tracheal gas velocities of about 150 cm/sec. Since 
air has a density of about 0.0012 g/ml and a viscos- 
ity of 1.83 X 10"* g/(sec ■ cm), the calculated 
Reynolds number in a trachea with diameter of 3 cm 
(more than 2000) indicates that flow in the trachea 
is highly turbulent even during quiet breathing. The 
open glottis and the vocal cords introduce mechani- 
cal obstructions that further promote the tendency 
to develop turbulence. However, since the total 
cross-sectional area of the airways expands enor- 
mously from the central to the peripheral regiorw of 
the lung, gas velocities decrease signiflcantiy in the 
more distal (i.e., toward the alveoli) airways. This 
greatiy lessens the tendency for flow to be turbulent 
in the lung periphery, even during maximal ventila- 
tion. The increase in total cross-sectional area of the 
airways toward the lung periphery has been com- 
pared with the shape of a thumbtack (Figure 2 - 3). 
Because the individual airways decrease in diameter 
toward the lung periphery, the tendency for turbu- 
lent flow to occur is even further reduced. There- 
fore, the flow regimens in the lung are highly turbu- 
lent in the larger airways but never turbulent in the 
small distal airways. 

Pressure- Row Retetionshipa in AInyays 

When flow in a tube is laminar, there is a linear 
relationship between driving pressure and flow (see 
Figure 2-2). Flow is set both by the driving pressure 
applied and the resistance to flow in the system. 
Under laminar conditions: 
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Fifiiire 2-3. Total airway ooss-sectional area as a function of 
distance intd th« lung. Although the diametexs of individual 
airways become smaller toward the lung peiipheiy, the 
number of aitways inoeases dxamatically. Accofdingily, the 
total airway ooss-sectional aicea increases matkedly toward 
the alveoli and gas velodtieB decrease* 



where V 13 flow, AF is driving pressure from one 
end of ttie system to other, and R is resistance over 
the same distance. As driving pressure increases, 
flow increases proportionally as long as resistance 
in the system remains constant In other words, the 
resistance to flow is defined as the pressure differ- 
ence required to maintain a given flow rate through 
a system. 

Poiseuille's law defines the relationship between 
flow and pressure in a tube with fixed dimensions, 
under laminar flow conditions: 

■ _ (AF-;f r*) 
(8 • • L) 

where AP is the pressure drop along a tube, V is the 
flow rate, ly is the fluid viscosity, L is the length of 
the tube, and r is the tube radius. From the above 
equation, the resistance tenn is represented by the 
following equation: 



Resistance ^ 



Note that for any given fluids the pressure differ- 
ence required to dlrive a given flow rate is directly 
proportional to the length of the tube but is in- 
versely proportional to the fourth power of the 
radius of the tube. Thus for a given driving pressure 
di^erence, doubling the length of the tube wiU 
halve the flow rate, whereas halving the tube diam- 
eter will decrease the flow 16 times under laminar 
flow conditioi\s. Stated differently, the resistance is 
inversely proportional to the radius raised to the 
fourth power but directly proportional to the length 
of the tube and the viscosity of the fluid. Clearly, the 
tube radius is the dominant factor in determining 
the resistance to flow. 



Airflow Velocity 

How in a tube possesses energy in two different 
forms. Kinetic energy is that part of the total energy 
associated with bulk movement of the fluid and is 
related to the density of the flvud (A in g/ml) and 
the square of the average velocity (u^: 



.^1 



■1 



Kinetic energy ^ *A p\i' 
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The second f onn of energy is potential energy, and in 
airways the hydrostatic pressure is the major com- 
ponent of this. The total mergy of the fluid flow is 
the sum of the potential and kinetic energy compo- 
nents. As fluid travels along a pipe, frictional resist- 
ance decreases the total energy of the flow. This is 
seen as a decrease in the pressure component of the 
total energy (i.e,y the hydrostatic pressure decreases 
along the tube, reflectiiig frictional loss of pressure 
energy). If the velocity of the flow changes along the 
tube, then a greater proportion of the total energy is 
converted from potential (pressxire) to kinetic en- 
ergy. This concept is demonstrated in Figure 2-4, 
which illustrates the events that occur as a fluid 
flows along a tube whose diameter narrows. In this 



figure, a gas flow of 1 liter /sec travels down a tube 
ivith a diameter of 3 cm and a cross-sectional area of 
7.06 cm^. At a point along the tube^ the diameter 
tapers to 2. 1 cm, so that the area (3.53 cm^} is half of 
the original area. Since the average velocity (cm/ 
sec) of gas in the tube is calculated by dividing the 
flow rate (cmVsec) by the area of the tube (cm^, the 
fltiid must accelerate from 140 cm/sec to 280 cm/ 
sec as it enters the narrow section. The energy used 
to accelerate the fluid comes from the potential 
(pressure) energy. Hence/ the hydrostatic pressure 
falls within the narrow portion of the tube because 
the kinetic energy has increased at the expense of 
the pressure energy component. At the end of the 
narrow segment the fluid decelerates and the veloc- 



Dlameter Diameter Dlametar 

3 cm 2.1cm 3 cm 




Velocity Velocity Velocity 

I40cnfv/sec 260 cm/sac 140 cm/sec 




Distance along tube > 

FKiure 2^-4. The BemoulD phndple. When a fluid moves through a tube at a constant flow rate, the total 
energy of the fluid (potentii energy -I- Wnetic energy) decreases because frictional losses convert some of 
th« energy mto heat Inaeases in fluid velocity occur where the tube nanows, causing an inaease in the 
Iditetic energy component Qh p\i*) at tt\e expense of potential energy (pressure decreases). When the tube 
widens again, the fluid decelerates and kinetic energy is converted into pressure energy. 
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ity of flow deaeases. The corresponding loss in ki- 
netic energy is converted back to pressure energy, so 
the hydrostatic pressure rises. As all of this occutS/ 
there is still a progressive loss in the total energy of 
the fluid along the hibe^ because resistive losses 
cause the conversion of some of the energy into 
heat. At the exit of the tube, the kinetic energy com- 
ponent is the same as was present at the start of the 
tube, because the velocities are the same. However, 
the total energy is reduced because the pressure 
component is smaller. The key point to remember is 
that when velocity speeds up because a tube 
narrows, the hydrostatic pressure decreases as a re- 
sult. This phenomenon is referred to as the Bernoulli 
effect Note from Figure 2-2 that during an exhala- 
tion, gas velocity must increase dramatically as flow 
travels toward the trachea, because the total airway 
area decreases. This causes the hydrostatic pressure 
to fall within the airways, an effect that becomes 
very important during forceful exhalations (dis- 
cussed later). 



TTie Respiratory Cycle 

Exchange of oxygen and carbon dioxide between 
alveolar gas and pulmonary capillary blood occuxs 
as these gases move passively (i.e., diffuse) from re- 
gions of higher partial pressure to regions of lower 
partial pressure. To maintain the partial pressure 
differences driving diffusion in the alveoUy the heart 
must continually pump blood through the pulmo- 
nary circulation and tiie respiratory system must 
continually deliver fresh gas to the alveoli. More- 
over, blood flow and alveolar ventilation must be 
adjusted to accommodate a wide range of metabolic 
rates, ranging from resting states to maximal exer- 
cise. 

The minute ventilation is the volume of gas 
breathed per minute. This involves the bulk (con- 
vective) movement of air into and out of the lungs. 
Ventilation is normally achieved by periodic 
breathing or tidal ventilation. During inhalation, the 
diaphragm and the inspiratory muddes of the chest 
wall shorten^ causing the diaphragm to move 
downward and the chest wall to move upward and 
outward. This process lowers the hydrostatic pres- 
sure in the pleural space by expanding the chest 
volume. Since the lungs are not rigid structures, the 
decrease in pleural pressure is transmitted across 



the visceral pleural surface into the lungs, causing 
alveolar hydrostatic pressure to fall. When alveolar 
pressure becomes less than ambient pressure, gas 
flows into the lungs (assuming that the glottis and 
airways are open) imtil the alveolar hydrostatic 
pressure rises to the ambient pressure. At this point 
(end-inspiration), the hydrostatic pressure differ- 
ence between alveolar gas and ambient air is zero, 
so inspiratory flow ceases, Note also that at end- 
ixxspiration the force generated by the contracting 
inspiratory muscles equab the elastic force gener- 
ated by the lungs and diest wall. At the beginning of 
exhalation^ the diaphragm and other inspiratory 
muscles relax. This causes the hydrostatic pressure 
in the pleural space to increase, as the elastic (po- 
tential) energy stored in the Ivmg and chest wall and 
abdomen t»egin to compress the thoracic contents. 
Once again, the change in pleural hydrostatic pres- 
sure is transmitted across ^e visceral pleura to al*- 
veolar gas, causing its pressure to rise above the 
ambient pressure. If the airway remains open, gas 
flows out of the lung until alveolar pressiure de- 
creases to equal ambient atmospheric pressure. 

Figure 2-5 details this sequence of events that 
occur during a single breath, asstmung that the air- 
way and glottis remain open throughout. First, con- 
sider the situation existing at the instant before the 
breath beg^ (point A in Figure 2-5). At this point 
inspiratory and expiratory musdes are relaxed, so 
the Itmg is at end-expiratory volume (Le., functional 
residual capacity [FRC]). At that point, airflow is 
absent because alveolar pressure is equal to ambient 
atuLOSphedc pressure (i.e., no pressure gradient be- 
tween alveoli and atmospheric exists). Pleural pres- 
sure is —7.5 cm H2O at point A, so transpulmonary 
pressure (P^) (Le./ the transmural pressure for the 
lung, defined as alveolar [P^] minus pleural pres- 
sure [Pj^]) is; 

P,p=-P-iv-Ppi-0-(-7.5) 
= +7.5 cmHjO. 

Transmural pressure for the chest wall at point A 
would then be; 



= (-7.5) -0 = -7.5 cm HjO, 
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Rgure 2-5. Changes in pleural and alv^lar pressures 
during a tidal tureath. Note mat whenever lung volume is 
not changing with timc^ lung volume is determined by 
transpulmoinaiy pressure. See text for further explanation. 
(AdApted and redrawn from West JB: Respbralory Physiology: 
The Essentials, 4th ed. © 1985, the WUliamfi & Wilkins, Co., 
BaltlmoreO 



the negative transmurd pressure for the relaxed 
chest wall (—7,5 cm HjO) matches the positive 
transmural pressure for the lung (+7.5 cm H^O) 
(see Chapter 1). At these matching transmural 
pressures^ both the Iting and the relaxed chest 
wall have the same volume (an anatomical neces- 
sity). 

At the start of inhalation, the diaphragm and 
other inspiratory muscles shorten, causing chest 
volume to expand and pleural pressure to decrease. 
The decrease in pleural pressure 1$ transmitted 
through the lung visceral pleura to the alveolar 
space, causing alveolar pressure to decrease. Ap- 
proximately halfway through inspiration (point B 
in Figure 2-5) the inspiratory flow rate is 
maximal because alveolar pressure is maximally 
negative. At end-inspiration (point C), alveolar 
pressure again rises to ambient pressure and so in- 
spiratory flow ceases. At that instant, pleural pres- 
sure 15 about 1 1 cm H2O, so transmural pressures 
are: 



' tp * alv 



P^'Ppi = 0-(-ll) 



= + 11 cmHaO. 



This higher static transpulmonaxy pressure is asso- 
ciated with a lung volume that is about 500 ml 
above FRC. Transmural pressure for the chest wall 
at point A would then be: 



PtriJB-dlxefc wan Ppl " P<innonpheEic 



-(-11) -0 =-11 cm H2O. 



The positive transmural pressure for the lung indi- 
cates that the limg is being held open at FRC by a 
positive distending pressure. By contrast, the nega- 
tive resting transmural pressure for the chest wall at 
FRC indicates that the chest wall is being pulled in 
by a negative distending pressure. The negative 
pleural pressure at FRC teflects a balance between 
this tendency for the lung to collapse toward a 
smaller volume and the tendency for the chest 
wall to spring out to a larger volume. Stated differ- 
ently, FRC is defined as die lung volume at which 



Note that the transmural pressure for the chest wall 
is more negative, yet the thoradc volume is larger! 
This occurs because the respiratory musdes are 
contracting, thereby dramatically altering the me- 
chanical properties of the chest wall relative to its 
relaxed (i.e.y passive) pressure -volume relation- 
ship. 

During exhalation, the cyde is reversed and lung 
volume returns from end-inspiration to FRC. This is 
assodated with a return of pleural pressure from 
-11 cm H^O to -7.5 cm H^O. At point the 
conditions of physiological equilibrium at FRC 
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again are established as at point A and the cycle is 
completed. 

Lung Resistance 

The pleural pressure curve AB'C (see Figure 2-5) 
represents the change in pleural pressure seen dur- 
ing tidal breathing. The dashed line ABC represents 
the pleural pressure curve that would have been re- 
quired to inflate the same lung very slowly; that is, it 
reflects the pressure -volume relationship o^ the 
lung obtained under quasi-static conditions. Note 
that duiing a normal inspiration, pleural pressure 
transiently becomes more negative (AB'C) than it 
would during a very slow inflation (ABC), likewise, 
during exhalation pleural pressure transiently rises 
above the level that would occur during a very slow 
exhalation. 

The difference between curve ABC and curve 
AB'C represents the additional pressure necessary 
to overcome the resistance encountered while 
changing lung volume. This impedance to changing 
lung volume is termed lung resistance. Note that 
when lung volume is not changing with time (i.e., at 
end-inspiration or end-expiration), the transpul- 
monary pressure is identical to what would occur 
duiing a static lung inflation to that volume. While 
lung volume is changing, the additional pleural 
pressure reqtiired to overcome lung resistance de- 
pends on how fast the lung volume is changing. 
Thus, to decrease Itmg volume rapidly, a larger in- 
crement in pleural pressure is required than would 
be needed to decrease lung volume slowly. Two 
factors contrilnite to this lung resistance. Part of the 
lung resistance arises from the pressure drop cre- 
ated by gas flow in the airways^ as gas enters or 
leaves the \\m^(airwayB resistance). One component 
of the airways resistance is due to frictional resist- 
ance to airflow. Another part is due to the accelera- 
tion (or deceleration) of gas to a higher (or lower) 
velocity as it moves away from (or toward) the lung 
periphery as a result of the chan^oig total cross- 
sectional area (see Figure 2-2). The second factor 
contributing to lung resistance reflects the viscous 
impedance encountered in changing lung volume, 
separate and apart ham the gas flow resistance (vis- 
cous contribution). 

This situation is somewhat analogous to inflating 
and deflating an old fireplace bellows equipped 
with a spring (Figtire 2-6). Inflating the bellows 




Spring, analogous 
to lung static recoil 



\< A Piong 

Figure 2-'6. By analogy, lespiiatory system xc^tance is 
fimOar to the resistance encountered in operating a fiieplace 
bellows (with the spring detached). Pait of the rei^tance 
encQuntcEed is due to the work o£ driving flow through 
airways that naxrow in total area ftom the alveohis towaxd 
the mouth (ainvays resistance). Another component relates to 
the resistance in moving the bellows itself, as would be 
encountered if operated in a vacuum (tissue viscous 
resistance). The spnng lepie&ents the ifoToe that would be 
required to operate the bellow^ very slowly (static Umg zecpil). 



very slowly requires an increasing force to over- 
come the elastic pull of the spring (s ta tic lung recoil) . 
Inflating the heUows more rapidly requires an addi- 
tional force at any given volume, owing to the bel- 
low's resistance to changing volume (analogous to 
lung resistance). Becatise of this resistance, the more 
rapidly the bellows is inflated the greater the force 
required. Part of the overall resistance arises from 
the intrinsic resistance of the Ijellows itself. This is 
the resistance to movement offered by the moving 
parts of the bellows/ analogous to the viscous com- 
ponent of lung resistance. In effect, this is the resist- 
ance to movement that would be encountered if the 
spring were removed and the bellows was operated 
in a vacuxam environment. Most of the bellow's re- 
sistance to movement is due to the impedance to 
airflow through the spout (airways resistance). 
Thus, narrowing the diameter of the spout will in- 
crease the force needed to inflate the bellows at a 
given rate (increased frictional and accelerative 
contributions). By analogy, airways resistance is the 
resistance encountered if the bellows were operated 
with the spring removed and the viscous compo- 
nent subtracted. 
The viscous component of lung resistance (analo- 
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Rgure 2-7, Resistance to fluid 
flow through four pipe segments, 
uranged sequentiaDy in series 
0^ or in parkuel (B). Th« total 
resistance (R,) is the sum of 
individual resistances when 
arranged in fieries. When 
arranged in parallel, the total 
resistance is les& than for any 
single segment because multiple 
separate pathways exist. 



J- i i J- J- 



gous to the impedance offered by the moving parts 
of the bellows) varies with lung volume and can also 
be influenced by ofher factors. Sometimes called 
tissue viscous resistance or lung viscance, this compo- 
nent of lung resistance is generally small durir\g 
normal tidal breathing. Airways resistance is the 
major component of lung resistance in the normal 
lung. 

Lung resistance at a given lung volume can be 
measured during tidal breathing by subtracting the 
static Itmg transpulmonary pressure contribution 
from the total pressure difference between pleural 
pressure and the pressure at the airway opening. [In 
the fireplace bellows analogy, this is similar to mea- 
suring the resistance to operating the bellows while 



the spring is removed.] In practice/ a balloon cath- 
eter is advanced down the esophagus to measure 
pleural pressure, as was tised for determination of 
the static pressure -volume relationship described 
in Chapter 1. Because limg resistance decreases as 
lung volume increases, repeated measurements of 
lung resistance will differ unless the measurements 
are all made at the same lung volume. For this rea- 
son, repeated measurements are generally made at 
the same point in the ventilatory cycle (i.e., at mid- 
inspiration or mid-expiration). Referring to Hgure 
2-5; the pleural pressure at mid-inspiration (point 
B) is — 7,5 cm HjO. At that lung volume, the static 
pleural pressure would be — 7.0 cm H2O (point B'). 
Thus, the magnitude of the pleural pressure is 0.5 
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cm HjO greater than would be seen with a static 
inflation at that lung voluijte. At point B, flow is 0.5 
liter/sec. Recall that resistance is defined as a pres- 
sure difference divided by flow. Hie pressure dif- 
ference created by the flow is therefore 0,5 cm H2O 
minus the pressure at the airway opening (0 cm 
HjO): 

R = ^ 
AV 



Rl 



0.5 cm HgO 
0.5 liter/sec 



Rl«1,0 



cm H3O 



liter/sec 

where Rl is the symbol for lung resistance (flow -f 
viscous components) and an H20/(liter/3ec) is the 
imit of lung resistance. This limg resistance (1 .0 cm 
HjO/piter/sec]) is typical of that which occurs in a 
normal adult human during inspiration. 

Distribmion of Loing Resistance 

When laminar flow occurs through a branched sys- 
tem of hibes, the overall resistance across the sys- 
tem depends on the individual resistances in each 
pipe and the manner in which the pipes are con- 
nected. Figure 2-* 7 shows an arrangement of four 
pipe segments, each with a flow resistance of 1 
torr/(liter/sec). When connected in series, the re- 
sistance of the network equals the sum of the indi- 
vidual resistances: 



As airways travel from the trachea toward the 
alveoli, they branch successively into daughter air- 
ways. At each branch point, the daughter airways 
are described as belonging to the next generation. In 
general, airways of similar generation number tend 
to be atx)ut the same diameter. In moving from the 
trachea to the periphery of the lung the airways 
increase in number as they branch, but the individ- 
ual bronchi become progressively smaller in diame- 
ter. The smaller diameter terids to increase the re- 
sistance offered by each bronchus, but the large 
increase in the number of parallel pathways tends to 
reduce the overall resistance encountered at each 
generation of branching. This can be described as a 
network of resistances, as shown in Rgure 2 - 8 . The 
collective resistance contributed by each generation 
reflects a balance between the number of airways in 
parallel and the radms of each. Figure 2-9 shows 
the relative resistances encountered at each airway 
generation. If the trachea is considered as genera- 
tion 0, resistance increases slightly for the first few 
generations, reaching a peak near generations 3 to 6 
(corresponding to segmental bronchi). Beyond this 
level the increase in the number of parallel airways 
outweighs the decrease in diameter of each bron- 
chus, causing the resistance at further generations 
to decrease progressively. At the level of the termi- 
nal bronchioles (generation 16), the airways re- 
sistance is a small fraction of the resistance in 
the segmental bronchi. During normal breathing, 
approximately 80% of the resistance to airflow 
at FRC is in airways whose diameters exceed 
2 mm. 



Rr^ = R,+Rj+R3 + R4 

R^rt.! = 1 + 1 + 1 + 1 = 4 

However, if the pipes are arranged in parallel (Fig- 
ure 2-7B) the total resistance across the network 
will be less than the resistance of any single pipe. In 
this example, four simultaneous pathways exist, so 
the total resistance is only one-fourth of the resist- 
ance of any single segment. In general, the total 
resistance (Rrotto) across a group of resistances 
arranged in parallel can be calculated using the re- 
lationship 



Rt Rl Rl Rj 



Measurement of Airways Resistance 

By measuring pleural pressure and airflow simulta- 
neously, lung resistance can be determined during 
tidal breathing if the static volume -pre$$ure rela- 
tionship of the lung is known. Theoretically, air- 
ways resistance could be calculated by subtracting 
the viscous component from the measured limg re- 
sistance. However, the viscous component of lung 
resistance is difficult to measure direcfly, so this 
approach is not practical. Moreover, lung resistance 
itself is difficult to measure in the clinical setting 
because it requires the placement of a balloon- 
tipped catheter at the correct position in the esoph- 
agus. 

The direct measurement of airways resistance re- 
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Figure 2-8. Airway resifitance as 
a fundioTi of airway generation, 
the resistance contribution of any 
given airway generation p,e„ all 
the airways of that genecation 
taken collectively) reflects a 
balance between the number of 
airways of that generation 
(arranged in panllel) and the 
individual resistance of each. Most 
of the averall airway resistance 
normally resides in generati<Mis 0 
througji 8. The contribution of 
resistance contnbuted by higjher 
generations is relatively less 
because the number of smaller 
airways IS large relative to their 
individual reastances. 



Tonmin^l 
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AIRWAY GENERATION 

Rgure 2-9. Airways xesistancc as a function of airway 
generation. In the normal hin^ most of the resistance to 
aiiHow occurs in the first eight airway generations. (Redrawn 
from Fedley T| et al; The prediction of pressure drop and 
variation of ranstance within the human toicndiial airways. 
R«pir Physiol 9:387, 1970,) 



qiuies that the dveolar-minus-mouth pressure dif- 
ference be measured simultaneously ivith gas flow 
rate dtiring a breath. This can be accomplished 
using a body plethysmograpK shown in Figure 2-10. 

A subject fitted with a nose dip is seated inside a 
sealed body plethysmography The subject breathes 
air through a mouthpiece/ equipped with an electri- 
cally operated occlusive shutter (normally open). A 
flow transducer attached to the mouthpiece mea- 
sures the airflow rate as the subject breathes in and 
out. At the end of a passive exhalation (i.e., at FRC) 
the technologist closes the shutter to prevent air- 
flow and asks the subject to pant rapidly against the 
dosed shutter (see Figure 2 - 1 0^4). When the shutter 
is dosed, neither inspiration nor expiration can 
occur, so the presswe in the mouth is the same as 
alveolar pressure. This mouth pressure (Pm) is mea- 
sured using a pressure transducer, as is the pressure 
in the box (Pb). When Pm is plotted as a function of 
Pb, a strai^t line is obtained with a slope of APm/ 
AFb. The airway shutter is then opened (see Figure 
2-lOB) and the subject is again asked to pant at 
FRC. During this procedure, the instantaneous flow 



at the mouth (Vm) is measured, along with the pres- 
sure in the box (Pb). When Vm is plotted as a func- 
tion of Pb, another straight line is obtained with a 
slope AVm/APb, From the dosed shutter maneuver, 
the alveolar pressure corresponding to a given box 
pressure is known. Applying this to the open shut- 
ter, panting allows the alveolar pressure to be calcu- 
lated from the measured box pressure. This calcula- 
tion is miade by dividing the slope of the AFm/APb 
line by the slope of the AVm/APb line: 

(APm/APb) _ APm_^^^^ 
(AVm/APb) AVm 

This yields a ratio of alveolar pressure to flow. Since 
the pressure at the mouth remains atmospheric 
during the open-shutter panting maneuver, this 
ratio is equal to the airways resistance. Raw, 

The measurement of airways resistance with the 
body plethysmograph is relatively simple and can 
be combined with the measurement of FRC (see 
Chapter 1), Since panting with the shutter open 
only changes lung volume by about 50 ml, this 
measurement of Raw effectively avoids the dianges 
in airway resistance that occur when lung volume 
changes (see later). This technique to assess Raw has 
become the standard for measuring resistance to 
airflow in clinical assessments of lung volume. 



Airways Resistance and Lung Volume 

Resistance to airflow changes markedly at different 
lung volumes. For this reason, measurements of 
limg resistance or airways resistance should always 
be made at a known lung volume. Since FRC is a 
volixme that is easily reprodudble, and since it is the 
voltame at which persons normally breathe, mea- 
surements of resistance are usually made at FRC or 
some increment above FRC Figure 2-11 shows 
how lung resistance varies as a ftmction of lung 
volume in normal subjects. Lung resistance is high- 
est at low lung volumes and lowest at high Ivmg 
volumes. Two factors contribute to this volume de- 
pendence. 

At higher lung volumes, the alveoli are more dis- 
tended and the elastic tension in the alveolar walls is 
higher. Bronchi cotirsing through the limg paren- 
chyma are surrounded l>y and attached to alveoli 
and are pulled open by the elastic tension in the 
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B 

Rgur0 2-10. Measurement of airways resistan ce usmg a tody plethysmograph. See text for further explanation. 



alveolar walk. Because the bronchi have relatively 
distensible walls, their caliber (and therefore their 
resistance) is influenced to a great extent by this 
mechanical tethering effect. At low lung volumes 
appioaching residual volume, tension in alveolar 
walls is less, so the tethering of the bronchi is re- 
duced and airway resistance is increased. Moreover, 
some airways begin to close at these low lung vol- 



umes (closing volume), further increasing the overall 
resistance to airflow. 

The second factor contributing to the change in 
lung resistance at different limg volumes arises 
from changes in autonomic parasympathetic nervous 
system tone with lung volume. During inspiration, 
specialized neural mechanoreceptors (stretch recep- 
tors) within the smooth muscle layers in airway 
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Figure 2-11. Lung resstancc «9 * function of Lun$ inflation. 
Airways resistance decreased as lung volume ]tu:rease$r At 
lung vplumefi above functkmal residual capacity the airways 
resistaiu^e decreases because (1) incxeased tenfiion in alveolar 
septal walls is tiansxmttad to adjacent airways, increasing 
their diameter, and (Z) distention of avway stretch receptors 
didts a reflex decrease in parasympathetic nervous system 
tone, cau^ng a decrease in airway smooth muscle tension. 
Dashed line shows the effect of atropine (inhibitins 
parasympathetic effects) on airways resistance, (Redrawn 
faom Wcent Nl, et al; J Appl Physkd 29:236-243, 1970.) 



walls detect the increase in lung volume. Mechani- 
cal stretch of these receptors at higher lung volumes 
causes their neural rate of firing to increase. This 
afferent information is transmitted to the auto- 
nomic centers in the brain stem by way of the vagus 
nerve, and it elicits a reflex decrease in efferent 
parasympathetic tone (Chapter 12). Decreases in 
parasjonpathetic neural tone tend to reduce the ac- 
tive constriction of airway smooth musde cells 
(bronchomotoT tone), thereby reducing aiiways re-^ 
sistance by increasing airway diameter. Conversely, 
during exhalation lung volume decreases and para- 
sympathetic tone increases, causing a greater con- 
striction of airway smooth muscle and a greater air- 
flow resistance. Atropine, a drug that blocks the 
effects of the parasympathetic nervous system by 
inhibiting postgan^onic parasympathetic recep- 
tors, diminishes the effects of lung volume on lung 
resistance (see Figure 2^11). However, atropine 
does not affect the change in resistance caused by 
the mechanical tethering of the airways. 



The respiratory system exhibits an enormous re- 
serve capacity, relative to the demands faced at rest. 



For example, at test, an adult human normally 
breathes 7 to 10 liters of air per minute (the minute 
ventilation). However, during strenuous exerdse 
theminute ventilation can exceed 100 liters/min. In 
healthy yotmg subjects asked to breathe as hard as 
possible for 15 seconds, a maximal voluntary venti^ 
lation (or ventilation capacity) of 200 liters/min may 
be achieved. This ability to augment gready ventila- 
tion contributes to the wide physiolo^cal range of 
metabolic rates that a healthy subject can achieve. 
Because this reserve capacity of the respiratory sys- 
tem is so large, lung diseases can often progress to 
advanced stages without infringing on the ability of 
the respiratory system to meet resting needs. To 
detect advancing Iting disease, several clinical pul- 
monary function measurements attempt to stress 
the capacity of the respiratory system. One such 
measurement is the forced exhalation test 



Flow During Maximal Exptration 

Recall from Chapter 1 that a spirogram can be used 
to record changes iit Itmg voliune during quiet 
breathing, as well as during submaximal or maxima! 
inspirations or expirations. The spirogram records 
changes in volume (AV, in liters, on the y-axis) as a 
function of time (At, in seconds, on the j:-axis). Note 
that the slope of any line on a spirogram has units of 
AV/At (in liters/sec), which is equivalent to flow 
rate. Typically, the subject is asked to inhale to total 




Figuro 2-1^ Tracing from a spirometer during measurement 
of a forced expiratory marwuvcr. 
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lung capacity (TLC) and then to exhale as forcefully 
as possible to residual volume (RV). [Horrific 
shrieks from the pulmonary function technologist 
usually help to provide incentive during the exhala- 
tioixl] This creates a tracing like that shown in Figure 
2-12. From the spirogram of the forced e^cpiration 
maneuver one can see that the exhaled flow rate 
(AV/At) is more rapid at the beginning of the exha- 
lation than at the end, since the curve is steeper in 
the early part of the exhalation than the later. 

It is useful to plot the instantaneous exhaled flow 
rate (liters/sec) as a function of exhaled volume. 
This is most easily done electronically, since the cal- 
culation of the slope by hand from the paper spiro- 
gram is tedious. Hgure 2 - 13 is an example of such a 



plot of the instantaneous exhaled flow rate as a 
function of the volume of gas exhaled in a normal 
subject. Flows above the horizontal line are expira- 
tory, while flows below the line are in an inspiratory 
direction. Lxmg volumes are greater toward the left 
side and lowest at the right side, since the volume 
being plotted on the z-axis is exhaled volume. The 
collection of small loops in the center was obtained 
during quiet tidal breathing. By inspection, the tidal 
volume in this subject averaged about 700 ml. Dur- 
ing quiet breathing, the maximum flow encoun- 
tered during inspiration or expiration was about 1 
liter/sec, which is much lower than the maximum 
flow rates that the Itmg is capable of achieving. At 
the start of the maneuver, the subject inhaled 
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Figura 2-13. Air flow rate (on the 
ordinate) a& a function of lung volume 
(on the abscissa) during a forced 
expiratory maneuver, Point* above the 
horizontal axis represent expiratory 
flows; points below the line are 
insjnxatory. Lung volumes are highest 
at the left and lowest at the righL ^ 
text for further explanation. 
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deeply and forcefully to TLC (large downward (in- 
spiratoty] flow beginrujig at FRC) and then imme- 
diately exhaled forcefully down to RV (large up- 
ward [expiratory] flow ending at RV). Several 
typical chatactenstics can be noted in this flow- 
volume loop. 

First/ note that the maximal inspiratory flow was 
about the same or greater than the maximal expira- 
tory flow. The maximum inspiratory flow rate is 
influenced by several factors. On one hand, the 
maximum force that can be generated by the inspir- 
atory musdes decreases as lung volume increases 
above RV. Hence/ the inspiratory force decreases as 
inhalation proceeds. Second, the static recoil pres- 
sure of the limg increases as lung volume increases 
above RV. This opposes the inspiratory musdes and 
tends to reduce maximum inspiratory flow rate. On 
the other hand, airways resistance tends to decrease 
as Itmg volume increases because the caliber of the 
airways increases. Normally, the above factors 



combine to cause maximal inspiratory flow to occur 
about halfway between TLC and RV, During forced 
expiration the flow rate rises rapidly at the start of 
the exhalation and reaches its peak early in the ex- 
halation while lung volume is still high. Thereafter, 
the flow rate decreases progressively toward the 
end of the exhalation. 

Rgure 2-14 shows three flow-volume curves su- 
perimposed on the same graph. To generate these 
curves a subject performed three forced expirations/ 
each with progressively greater effort. As the effort 
increases, note that the peak flow early in the expi- 
ration also increases. However, in the later part of 
the expiration all three curves converge, indicating 
that the flow rate in the later part of expiration is 
effort independent In that range, the expiratory rate 
is flow-limiud by the lung, and no amount of addi- 
tional effort can increase the flow rate beyond this 
Hmit. Thus, over much of a forced expiration the 
maximal flow rate is determined by a property of 




Higher lung volume 



Lower lung volum9 
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the lungs and not by the effort expended by the 
subject. This measurement is highly reproducible in 
a single subject and i3 relatively sensitive to changes 
in lung properties caused by diseases. Accordin^y, 
the forced expiratory flow-volume loop has be- 
come a common diiucal test of pulmonary function. 

Lung Volume and Mawmal Expiratory Row ftete 

Duting a forced exhalation, flow rate rises rapidly to 
a pealc early in the maneuver but then deaeases 
progressively as lung volume diminishes. In the 
effort-independent portion of the flow- volume re- 
lationship, the maximal expiratory flow rate in any 
given subject is heavily influenced by lung volume. 
This concept is shown graphically in Figure 2 - 15A, 
To generate this graph, a subject with an esophageal 
balloon catheter (to measure pleural pressure) was 
asked to exhale several times, with increasing effort. 
The first few exhalations were made with mild ef- 
fort, while the subsequent exhalations were made 
with increasing effort, up to a maximal effort. Dur- 
ing forceful ej^ialations, pleural pressure increased 
significantly (to 40-60 cm H^O), while during less 
forceful exhalations the rise in pleural pressure was 



less. During each exhalation, expiratory flow and 
exhaled volume were recorded only when the lung 
volume passed through a predeiermineti level For ex- 
ample, consider the curve labeled 3 in Rgure 2 - 15 . 
This line represents the different flow rates mea- 
sured during exhalations at different efforts, at the 
times that 70% of the vital capacity had been ex- 
haled. Thtis, the lung volumes corresponding to all 
of the points on curve 3 are identical. Similariy, the 
points on curve 4 represent the different expiratory 
flow rates that were obtained during exhalations of 
varying intensity/ at the point where 90% of the 
vital capacity had been exhaled (i.c., lung 
volume = RV 10% of VC). For curve 2, expira- 
tory flow rate (at that lung volume) increases with 
increasing effort, until a maximal flow is reached. 
Further effort (higher pleural pressure) will not in- 
crease expiratory flow above the plateau value for 
that lung volume. Note that the maximal flow for 
curve 2 was greater than for curve 3, and the lung 
volume corresponding to 2 was greater than for 3. 
Thus, the maximum expiratory flow that can be 
achieved increases as the limg volume increases 
toward TLC. Another set of flows was collected at 
high lung volumes (90% of TLC) during various 



ISOVOLUWIE FLOW- 
PRESSURE CURVES 
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Figure i-IS. Greater levels of (effort- 
independent) eacpiratory flow rate can be 
achieved when lung volume is higher. Eadi 
curve represents the reUtionship between 
expiratozy effort (pleural pressure) and 
expiratDiy flow rate that would have been 
noted if lung volume could have remained 
conatant At any ghren hmg volume, 
expiratory flow rote mcreases with 
expiratory e^ort until an effoit^dependent 
expiratory flow rate is reached. Above this 
level, further tiureases in effort do not 
produce increases in flow rate. At total hxA$ 
capacity ki a normal subject, increases in 
effort ahvays produce increases in flow rate. 
See text for further explanation. (Redrawn 
from Murray JF: The Normal Umg, 2nd ed. 
Philadelphia, WB Saunders, 1996.) 
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exhalations with varying effort (curve 1). Note that 
at this high lung inflation, expiratory flows contin- 
ued to increase with increasing effort; that is, there 
was no clear limitation to flow other than effort. 
Since each of curves 1 through 4 correspond to spe- 
cific lung volumes, these relationships are referred 
to as isovolume pressure -flow curves. 

If the maximal values of expiratory flow (see Fig- 
ure 2 - 1 55) are plotted as a function of their respec- 
tive lung volumes (volume below TLC), this yields 
a curve whose Bhap>e is identical to the descend- 
ing portion of a single-breath forced-exhalation 
maneuver. Thus, the clinical measurement of a 
single forced exhalation provides (in the effort- 
independent region) a continuous plot of the maxi- 
mal flow that can be achieved at lung volumes 
ranging from near TLC to RV, 

Expiratory Row Umitation Mechanisni 

As described previously, maximal expiratory flow 
rates are nonnally limited by factors other than ef- 
fort after lung volume falls more than about 20% of 
the way from TLC toward RV. The reason for this is 
that airways are intrinsically floppy^ distensible 
tubes that tend to become compressed when the 
pressure outside them exceeds the pressure inside. 
Stated more formally, airways become liable to col- 
lapse when their transmural pressure (defined as 
inside-minus-outside pressure difference) becomes 
negative. Expiratory flow-limitation occurs when 
highly localised events called choke points (not re- 
lated to ordinary choking) occur at specific sites 
along the airways where negative transmural pres- 
sures cause a critical narrowing in the airway diam- 
eter. This is roughly analogous to the situation that 
occurs when attempting to drink water through a 
paper soda straw that has become saturated with 
water and is soggy and collapsible. If the subject 
draws too forcefully on tiie straw, the pressure in- 
side becomes negative vnth respect to ambient 
pressure and the straw collapses. When this occurs, 
no amount of additional effort will cause the flow to 
increase. However, one can still draw water slowly 
through the straw without causing the flow limita- 
tion to occur. 

Figure 2-16 shows the sequence of events that 
occur during expiratory flow limitation in a lung 
surrounded by the chest wall and the pleural space. 
Note that the airways are shown schematically as 
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tapered tubes, because the total airway cross- 
sectional area narrows enormously in traveling 
from the alveoli to the trachea. Figure 2 - 1 shows 
the lung held at TLC while no airflow is occurring. 
In this state, alveolar pressure is zero (relative to 
atmospheric) and pleural pressure is —30 cm HjO, 
so die lung transmural pressure (transpuhnonary 
pressure) equals +30 cm HjO. Since there is no 
flow, the pressure inside the airways is also zero. 
Since the pressure immediately outside the intra- 
thoracic airways is the same as pleural pressure, the 
trarwmural pressure (pressure iiiside -pressure out- 
side) for the airways is also -h 30 cm H2O. This posi- 
tive transmural pressure tends to hold the airways 
open, in the same way that a positive transpuhno- 
nary pressure holds the alveoli open. 

Next, consider what happens at the instant a 
forced exhalation begins (see Figure 2 - 16B). As the 
inspiratory musdes relax and expiratory muscles 
contract, the chest volume decreases and pleural 
pressure rises rapidly to -h 60 cm HjO. At that in- 
stant alveolar pressure rises to 90 cm HjO, because 
alveolar pressure exceeds pleural pressure by the 
static lung recoil pressure corresponding to that 
lung volume. Driven by a pressure difference be- 
tween alveolus and the mouth of 90 cm H2O, expi- 
ratory flow begins in earnest. As expiratory flow 
begins, a gradient in pressure develops inside the 
airways between the alveoli and the mouth, as 
shown m Figure 2-16B. This reduces the trans- 
mural pressure for the airways, because it lowers 
the pressure in the lumen relative to the pressure 
outside the bronchi (pleural pressure). Two major 
factors contribute to the fall inintra-airway pressure 
between the alveoli and the mouth. First, there is a 
resistive pressure drop caused by the frictional 
pressure loss associated with the flow. This resistive 
loss becomes greater toward the trachea, because 
the number of parallel airways decreases more rap- 
idly tiian the diameter of the individual airways 
increase (see Figure 2-3). The second factor lower- 
ing the pressure inside the airways is caused by the 
fact that the gas velocity increases toward the tra- 
chea, because the total cross-sectional area of the 
airways decreases. This acceleration of gas flow fur- 
ther decreases the pressure, due to the Bernoulli 
effect (see Figure 2-4). Both contributions tend to 
lower the airway transmural pressure, thereby de- 
creasing the diameter of the airways. During the 
exhalation, limg volume decreases so the static re- 
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Figure 2-16. /i End inspiration, befoie the start of exhalation, B, At the start of a forced exhalation. C 
Expiratoty flow limitation later in a forced exhalation. Expiratoiy flow timitation occurs at locations where 
airway diameter Is narrowed as a result of a negative tiaiiBmuiaL preseure. See text /or further explanation. 



coil pressure decreases. This lowers the difference 
between pleural pressure and alveolar pressure, 
thereby decreasing a major factor contributing to 
airway transmural pressure. In addition, the me- 
chanical tethering (Figure 2-17) that helps to hold 
the airways open at high lung volumes becomes less 
as lung volume decreases. Moreover, the mainstem 
bronchi and the trachea are not surrounded by al- 
veoli and therefore do not benefit from this support. 



Figure 2 - 16C shows the balance of forces acting 
during expiratory jflow-linutation. At this point, 
pleural pressure is still at 60 cm HjO and lung vol- 
ume has decreased by 20% from TLC. Lung static 
recoil pressure at this volume is +20 cm HjO, so 
alveolar pressure is 20 -f 60 =^ 80 cm HjO. Expira- 
tory flow is 10 liters/sec, and the pressure inside the 
airways deaeases from 80 cm H^O (at the alveoli) to 
0 cm HaO (at the mouth). At the point where the 
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figure 2-17. Airway tetheiing by the suiioundixig alveoU. 
At higher Ixing volumes there b more tension in the alveolar 
stp^ This tension i3 transmitted to the airways 
passing through the lung parenchyma, tending to increase 
their diameter and prevent thCTT coBapse (mtchanicAl 
tethering^. Hence, higher expiratoiy flows can be achieved at 
high lung volumes. 



pressure inside the airways has decreased to less 
than 60 cm HjO (somewhere between the alveoli 
and the mouth), the pressure outside the airways 
becomes greater than the pressure inside. This neg- 
ative airway transmural pressure causes the airway 
to nanow, as a choke point forms. For this reason/ a 
greater expiratory effort (higher pleural pressure) 
cannot increase the flow further because the higher 
pleural pressure will tend to collapse the airway at 
the choke point just as much as it tends to increase 
the driving gradient for flow. This is why effort- 
independent expiratory flow limitation occurs in 
forced exhalation. 

As expiration continues, limg static recoil pres- 
sure continues to decrease because lung volume de- 
creases. The fall in static recoil pressure decreases 
the transmural pressure tending to hold the airways 
open, facilitating the development of a choke point. 
Airway resistance also increases at lower lung vol- 
umes/ accentuating the resistive drop in pressure 
along the airways. Rnally, mecharucal tethering of 
the airways becomes less at lower lung volumes, 
thus promoting the collapse at a choke point. These 
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factors contribute to the lessened maximal expira- 
tory flow that occurs later in a forced exhalation. 

hi summary/ flow limitation occurs at specific 
sites of narrowing (choke points) along the airway, 
which are likely to form at locations where the air- 
way transmural pressure becomes negative. The 
major factor contributing to a positive airway trans- 
miural pressure is a high limg static recoil pressure 
(high lung volume), because this contributes to a 
greater pressure within the airspaces relative to 
pleural pressure. Factors that tend to reduce airway 
transmural pressiire during expiration (thus pro- 
moting flow-limitation) are (1) the resistive drop in 
pressure due to airflow from alveoli toward the 
mouth; (2) the Bernoulli reduction of intra-airway 
pressure catised by the acceleration of flow as the 
total airway cross-sectional area decreases toward 
the mouth; and (3) loss of mechanical tethering of 
central airways as they exit from the lung. 

Tests of Expiratory Flow Limitation in Lung 
Diseases 

The vital capacity (VC) measured as the change in 
volume from TLC to RV during a forced expiration 
is called the forced vital capacity (FVC). line AB in 
the inset of Figure 2-12 connects the points on the 
FVC curve at 25% of VC and 75% of VC. This 
provides an "average slope" (Uters/sec) in the mid- 
dle of the forced expiration and is termed FEF2s_^ 
(forced expiratory flow between 25% and 75% of 
FVC). This provides an index of the forced expira- 
tory flow within the effort-independent (flow- 
limited) range. However, in practice there is consid- 
erable variability in this measurement among 
individuals. A more reproducible number is the 
volume of air (in liters) exhaled during the first sec- 
ond of die forced exhalation. This volume is termed 
deforced expiratory volume in I second (FEV^), Typi- 
cally, the FEVj is normalized by dividing it by the 
FVC and expressing the result as a percentage. Note 
that the FEVj/FVC ratio is dimensiordess, since it is 
the ratio of two dimensionally similar terms. In 
healthy persons between the ages of 25 and 50 the 
FEVj/FVC is usuaUy between 75% and 85%. 

Acute and chronic lung diseases can change the 
expiratory flow -volume relationship by virtue of 
the changes they cause in (1) static lung recoil pres- 
sures; (2) airways resistance and the distribution of 
resistance along the airways; (3) loss of mechanical 
tethering of intraparenchymal airways; (4) changes 



04/22/2004 15:23 FAX 5015266873 



AR BIOSCIENCES INST 



121016 



44 Part I: PhysicOogical Functions of the Lung 



in the stiffness or mechanical properties of the air- 
ways; and (5) regional differences in the severity of 
the above changes among lung regions. 

Abnormally low values of FEVj^FEF^^.tj, and 
FEVj/FVC are the haUmark of obstructive lung dis- 
eases. Diseases in this category include emphysema, 
asthma, chronic bronchitis, and cystic fibrosis. The 
common observation among these diverse diseases 
is that expiratory flow becomes limited at relatively 
low flow rates (hence the term obstructive), al- 
though the mechanism responsible varies among 
the diseases. In asthma, flow limitation occurs pri- 
marily as a result of decreased airway caliber caiised 
by abnormally increased bronchial smooth muscle 
tone and swelling of the mucosal layer lining the 
airways. In chronic bronchitis and cystic fibrosis, the 
accumulation of excessive bronchial secretions 
hinders normal air flow. In emphysema, the de- 
creased static lung recoil (increased lung compli- 
ance) resulting from the destruction of alveolar sep- 
tal walls tends to promote the development of 
flow-limitation (choke points) at much lower flow 
rates than for normal persons. The loss in static 
recoil pressure also causes TLC to be increased, as is 
PRC. Accordingly, emphysematous patients often 
breathe at higher lung volumes than do normal 
subjects. Finally, the loss in elastic tethering of in- 
trapaxenchymal airways further promotes the de- 
velopment of choke points during exhalation. 

Figure 2-18 shows an expiratory flow- volume 
loop in a patient with emphysema. Compared with 
the normal subject, TLC and FRC are both in- 
creased. Note that during quiet tidal breathing, the 
emphysematous patient's expiratory curve inter- 
sects the maximal expiratory curve, indicating that 
resting exhalations in this patient are already flow 
limited! Note also that the shape of the expiratory 
curve is deeply convex owing to the severe flow 
limitation at lower lung voltunes. By contrast, in- 
spiratory flows are relatively normal, since the neg- 
ative pleural pressure during irwpiration tends to 
promote airway opening by increasing airway 
transmural pressures. Consequently, rapid inspira- 
tion is not a problem for these patients whereas 
exhalation is a slow and extended process. 

Another class of lung diseases are termed restric- 
tive diseases^ because they restrict the extent of lung 
inflation. Decreased TLC is the hallmark of restric- 
tive diseases, which generally arise from three dif- 
ferent causes: (1) diseases causing increased static 



limg recoil such as interstitial fibrosis; (2) diseases 
limiting chest wall movement such as kyphoscoliosis 
or (more commonly) obesity; and (3) muscular 
weakness, such as in myasthenia gravis. The effect of 
restrictive disease on lung statics and dynamics 
varies with the cause and the extent of the disease. 

Restrictive disease associated with an increased 
lung static recoil often occurs in pulmonary intersti- 
tial fibrosis. Compared with a normal subject, TLC 
and RV are both reduced, owing to the increased 
static limg recoil* Although maximal expiratory 
flows may appear to be increased in these patients 
(FEVi/FVC ratio is elevated), the FE may be nor- 
mal or even reduced, while FVC is significanfly re- 
duced. Thus, expiratory flows would not be ele- 
vated if plotted as a function of pleural pressure. 

Features characteristic of restrictive lung disease 
are also associated with diseases involving muscle 
weakness. In these patients, TLC is low because 
there is insufficient strength to overcome the static 
recoil of the lungs and chest wall associated with a 
normal TLC. Likewise, RV may be high because 
there is insufficient strength to reach a normal RV. 
However, static limg recoil can be normal, so the 
expiratory flows are not elevated above normal. 




Volume exhaled 



Rgure 2 -IB. Severe cxpinitoiy flow limitation can occur in a 
patient with emphy&ema. Thifi flow -volume loop shows that 
expiratory flow rate falls sharply after the start of ex^tion. 
The remainder of expiration is prolonged, owing to the slow 
rate of dow-lixnited exhalatioi^. Note aUo the increased total 
lung capacity and increased functional residual capadty, 
caused by the increased lung COfl^U^nce in khia patient 
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Rgure 2-19. Left, Typkd rddtion&hlp between the aoss-sedional area of an airway (A) and the 
transmural pressure asmssB it (Pta). When the transmural pressure across an airway is negative/ the airway 
area decreases to a minimum level as the tube is squeezed shut. As increases, the ^irw^y assumes a 
more normal shape and ib area increases. However, at high transmural pressurefi the airway elastic 
dements are stretched and further chan^ in ar^ with increased transmural pressure are smal]. Flow 
limitation is more likely to occur in floppy airways because they tend to coUaf^ more read^y as their 
tr«nsmuwl pressure decreases, flight, The maxitnal flow that can develop in a Boppy tube (V^) depends 
on ttie sti££ness of the tube: the more rigid the tube, the greater the maximal flow. (Redrawn from Mead J: 
E)q)iratoiy flow limitation: a physiologist's p(nnt of view. Fed Proc 39:2771, 19S0.) 



Restrictive diseases arising from decreases in 
chest wall compliance can reduce FRC because lung 
static recoil is unchanged while static chest wall re- 
cofl is increased. The increased chest wall recoil can 
also lead to a decrease in TLC because the maximal 
decrease in pleural pressure that can be developed 
by the respiratory miiscles will not increase Itmg 
volume to a normal TLC. 

Physics of Eypiratory Row Limitation 

Effort-independent expiratory flow limitation 
0 1 occurs at points along the airways where the local 
transmural pressure is negative enough to cause the 
airway to narrow, causing the app>earance of a 
• ' choke point that limits the flow rate. If the airways 
were stiff, rigid tubes, then choke points would not 
occur because the caliber of the airways would re- 
main fixed over a wide range of transmural pres- 
sures. Real airways are not rigid but can vary in their 
degree of stiffness at different locations (Le., trachea 
vs. small bronchi), depending on how much carti- 



lage is present/ what surrounds the airway at that 
point, and other factors. Hence, some points along 
the airway are more likely to form choke points than 
others. 

In floppy tubes such as airways, the maximum 
flow that can occur at any point is related to the 
product of the velocity of propagation of a pressure 
wave along the tube (the tube wave speed), and the 
cross-sectional area of the tube at diat point. This 
theoretical maximum flow is called the tube wave 
speed flow (Vws): 




where p is the gas density, A is the tube cross- 
sectioiul area at that point, and dP^dA is related 
to the elasticity of the tube. Figure 2-19 shows a 
typical relationship between the area of an airway 
(A) and the transmural pressure across it (P^J. 
When the transmural pressure across an airway is 
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negative^ the airway area decrea$^ to a minimum 
level. As increases, the airway assumes a more 
normal shape and its area increases. However/ at 
high transmural pressures, the aixway elastic ele- 
ments are stretched and further changes in area 
with increased transmural pressxire are small. The 
dP^dA term in the equation is the slope of this 
relationship at any given point. This curve is some- 
times called the tube law, since it describes how the 
area of a specific tube will vary with transmural 
pressure. The above formula states that if the stiff- 
ness of an airway is known (i.e., the tube law) and if 
the density of the gas is known, then the maximum 



theoretical flow that can occur in that airway is 
known. Factors that tend to increase the area of an 
airway (i.e., parenchymal tethering at high lung 
volumes) or that make an airway wall less floppy 
(i.e., more cartilage) tend to increase the maximum 
theoretical flow that the airway can support (Vws). 
As the actual flow in an airway increases, it reaches 
a maxim\un when it equals the wave speed flow. 
Above that maximum flow a choke point forms, and 
flow is limited to the maximum value. This ap- 
proach to understanding the physical mechanisms 
underlying expiratory flow limitation is termed 
wave speed theory. 
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Gomes, R. F. X. Shen, R. Hamchandani, R. S. 
T«pper, and J. H- T. Bates. Comparative respiratory sys- 
tem mechanics in rodente. J Appl Physiol 89: 908-916, 
2000— Because of tte wide utilization of rodents as animal 
models in respiratory research and the limited data on mea- 
surements of respiratory input impedance (Zre) in small 
animals^ we measured Zrs between 0.25 and 9,125 Hz at 
different levels (0-7 hPa) of positive end-expiratoiy pressure 
(PEEP) in mice» rats, guinea pip, and rabbits using a com- 
puter-controllGd small-animal ventUatar (Schuessler TF and 
Bates JHT, IEEE Trans Biomed Eng 42: 860-866, 1995). Zrs 
was fitted with a model, including a Newtonian resistance (R) 
and inertance in series with a cQnatent-pha^e tissue compart- 
ment characterized by tissue damping (Gti) and elaetance 
(Hti) parameters. Inertance was negligible in all cases- R, 
Gti, and Htd were normalized to body weigjit, yielding nor- 
malized R, Gti, and Hti (NHti), respectively. Normalized R 
tended to decrease slightly with PEEP and increased with 
animal size. Normalized Gti had a minimal dependence on 
PEEP. NHti decreased with increasing PEEP, reaching a 
minimum at '-6 hPa in all species except mice. NHti was also 
higher in mice and rabbits compared with guinea pigs and 
rate at low PEEPs, which we conclude is probably due to a 
relatively smaller air space volume in mice and rabbitg. Our 
data also suggest that smaller rodents have projrortionately 
wider airways than do larger animals. We conclude that a 
detailed, comparative study of respiratory system mechan- 
ics shows some evidence of structural differences among 
the lungs of various species but that, in general, rodent 
lunge obey Scaling laws similar to those described in other 
species. 

respiratory system impedance; forced oscillations; compare* 
tive physiology; small rodents 



SMALL RODENTS ARE NOW WIDELY utilized as animal models 
of lung disease because they can be obtained easily in 
large numbers for a reasonable price, they grow rap- 
idly, and pure-bred strains are available. Ultimately^ of 
course, to apply results from such studies to human 
disease, we need to know how rodent lungs compare 
mechanically with human lungs. However, it is also 
important to understand how the respiratory mechan- 
ical properties of different rodents compare among 
species so that appropriate choices can be made as to 
which species to use when a particular disease state is 
modeled. A number of studies have attempted to char- 



acterize and compare respiratoiy mechanics in differ- 
ent mammalian species (4, 10, 21, 27), but most of 
them consisted of pooled data from different sources in 
the literature, and some even used recently killed an- 
imals. Furthermore, these comparative studies have 
not taken into account the well-known dependence of 
respiratory mechanics on frequency and volume. We 
thus identified a need for a comprehensive, compara- 
tive study of respiratory system impedance (Zrs) in a 
variety of small-animal species that are cmrently 
widely used in respiratory research. 

Particular interest has been directed recently to the 
evaluation of the mechanisms that affect respiratory 
system properties under both healthy and abnormal 
conditions and whether the predominance of these 
effects is in the airways or the parenchymal and/or 
chest wall tissues (1, 3, 12, 15-17, 19, 25-31, 35). 
Respiratory system elastance is known to increase 
with frequency, and tissue resistance is known to decay 
hyperbolically over the range of physiological breath- 
ing frequencies, whereas airway resistance (Raw) re- 
mains fairly constant both in healthy and mildly con- 
stricted lungs (12-15, 22, 32, 37). Consequently, the 
relative contributions of airway and tissue resistances 
are highly dependent on the breathing frequency. Fur- 
thermore, these relative contributions can change with 
lung volinne (17). This highlights the importance of 
measuring Zrs over a broad range of frequencies and 
voliimes. Such an undertaking is not trivial because of 
the technical difficulties associated with measuring Zrs 
accurately in smaD animals. However, we now have at 
our disposal a computer-controlled, small-animal ven- 
tilator (SAY) (34) that has solved these difficulties and 
fiJlows us to measure Zrs over a wide frequency range 
and at controlled lung inflation pressures in animals as 
small as a mouse. 

The goal of the present study was, therefore, to make 
a comparative study of Zrs in normsJ mice, rats, guinea 
pigs, and rabbits over a broad range of frequencies and 
at different levels of lung inflation with the use of the 
SAV. We interpreted the measured Zrs in terms of a 
model proposed by Hantos et al. (15), which features a 
Newtonian resistance (R) connected to a constant- 
phase viscoelastic tissue compartment. The parame- 
ters of the model account extremely well for Zrs <20 
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Hz and permit us to compare interspecies respiratory 
mechanics in a frequency-independent fkfihion. 

MATERIALS AND METHODS 

Experimental procedures. Wg studied four different species 
of rodents: A/J mice in = 11; 20.5-24.7 g), Sprague-Dawley 
rate (/i = 8; 260-290 g), DunMn-Hartley guinea pigs (n ^ 5; 
360-410 g), and New Zealand White rabbits in - 6; 2.6-3.0 
kg). MicG and rats were sedated with an intraperitoneal 
bolus of xylflzine (7 and 14 mgAcg. respectively). All aiwinals 
were anesthetized [pentobarbital sodium in mice (60 mg/kg 
ip), rats (35 mg/kg ip), and guinea pigs (65 mg/kg ip); sodium 
ttiiopental in rabbits (35 mg/kg iv)] and trachsostomized. 
Except for the rabbits, which had their trachea cannulated 
with a rigid plastic tube and which were ventilated with a 
Dommerdal version of the SAV (flexiVent, SCIRBQ, Scientific 
Respiratoiy Equipment, Montreal, Quebec), all of the other 
Qnimals had a 80ug-fitting metal tracheal cannula connected 
to a SAV prototype (34). Mice, rats, guinea pigs, and rabbits 
were mechanically ventilated with sinusoidcJ inspiration and 
passive expiration with tidal volumeB of 6, 8, 9, and 7 ml/kg 
and breathing frequencies of 150, 90, 70, and 60 breaths/min, 
respectively. Positive end-expiratory pressure (PEEP) was 
set at 3 hPa by connecting the expiratory line of the ventila- 
tor to a water trap. Mace aod rabbits were paralyzed with 
pancuronium bromide (0.8 mg^ ip and 0.1 mg/kg iv, respec- 
tively). Rats and guinea pigs were paralyzed with succinyl- 
choline chloride (20 and 13 mg/kg ip, respectively). 

Every 3 min, the animals were ventilated against one of 
five different levels of PEEP (0-7 hPa) chosen randomly. 
Three total lung capacity maneuvere were peifoimed by 
closing tho expiratory line until an airway opening pressure 
(Pao) of 30-35 hPa was obtained. We waited for 15 breathing 
cycles, the aniTnalfl were allowed to expire passively to the 
relaxation volume as determined by PEEP (established by 
connecting the expiratoiy line of the ventilator to a water 
trap), and an 18-s small-amplitude, broad-band volume per- 
turbation was applied to the airway opening. The volume 
perturbation waveform contained 12 discrete sinusoidal com- 
ponents having mutually prime frequencies from 0.25 to 
9.125 and its peak-peak amplitude corresponded to 35% 
of the tidal volume of the animal. The individual ampUtudes 
in flow had equal power at each frequency. The phased of the 
sinusoids were adjusted to mini ml ye the peak-peak ampli- 
tude of the volume signal The frequencies were chosen to be 
mutually prime to avoid harmonic distortion in the airway 
pressure (Paw) signal (6). Also, this range of frequencies was 
selected because it is smtable for the partition of Newtonian 
resistive and respiratory tissue viscodastic properties. Once 
measurements at all of the five different levels of PEEP had 
been taken, the procedure was repeated 

The SAV is a computer-controlled ventilator in which a 
linear motor drives a piston in a cylinder of known diameter 
(34). Calculationjs of Zre are made from measurements of 
piston volume displacemant (Vcyl) and the pre&surs inside 
the cylinder (Pcyl). Vcyl and Pcyl were recorded at 1,024 lit 
after being passed through low-pass filters with cutoff at 200 
Hz. The data were then digitally low-passed filtered at 30 Hz 
and decimated to 128 Hz before being stored on a personal 
computer for subsequent analysis. 

Data analysis. Corrections for gas compressibility within 
the system and resistive and accelerative losaes in the con- 
necting tubing and tracheal cannula were performed as de- 
scribed previously (3, 17), Briefly, we first obtained dynamic 
calibration signals of Pcyl and Vcyl from the SAV before 
connecting the animal by applying the volume perturbation 



through the tracheal cannula first when it was completely 
closed and then again when it was open to th& atmosphere. 
Subsequently, when the animal was connected to the SAV, 
we used these cahbration signals to remove the contribution 
of both the tracheal cannula and the SAV itself from the 
measured animal Zrs. 

Zrs was calculated as the ratio between the cross-power 
spectrum of Pao with Vcyl and the autopower spectrum of 
Vcyl multiplied by J2'nf, wharej ia the imaginary unit and f is 
frequency. The first 2 s of eaih 18-8 data record were dis- 
carded to avoid initial transients, and the remaining 16 s 
were divided into five 8-s blocks that overlapped by 76%. The 
cross- and autopower spectra for all blocks were averaged 
before being divided to yield Zrs to reduce the effects of 
measmrement noise (13). 

Zrs consists of a real part known as respiratory system 
resistance (Rrs) and an imaginary part known as reepiratoiy 
S3rstem reactance (Xra). We normalized Erg and Xrs by mul- 
tiplying them by body weight (BW) to obtain oorraalized Rrs 
(NRrs) and Xrs (NXrs), respectively. 

We also fit Zrs data to a model consisting of a R connected 
to a constant-phase tissue compartment. 'Thus 

Zrs(f) = R+j2.fI + ^|^ U) 

where I is inertance, Gti and Hti embody energy dieeipation 
and storage, respectively* within tho tisb-ues, and 

*=(!)"<^(i) 

The a determines the firequency dependence of both real and 
imaginary parts of Zrs and is related to the hysteresivity 
index (ir^) introduced by Fredberg and Stamenovic (9) where 



To facilitate comparisons among species, we normalized the 
parameters R, I, Gti, and Hti by multiplying them by BW to 
obtain, respectively, NR, NI, NGti, and NHti, 

We calculated the coherence between Pcyl and Vcyl at each 
of the firequencies used in the volume perturbation signal and 
fit the model to Zrs at only those frequende? for which the 
coherence was >0.9. On this basis* we discarded 0.16, 1.25, 
and 1.25% of the Zrs data in mice, rats, and rabbits, respec- 
tively. We also calculated the SD of the residuals between 
data and model fit and discarded those fr^uendes for which 
the real and/or imaginary parts of Zrs were more than two 
SDs away from the fit. AH together, 1.97. 3,39, 0-41, and 
2.78% of the Zrs data obtained in mice, rate, guinea pigs, and 
rabbits, respectively, were not used in the model fitting. 

ANOVA was used to look for eignificant differences in the 
fitted model parameters due to the effects of epeciee, PEEP, 
their interaction, and of a particular animal in one species. 
We found that the way in which the model parameter values 
depended on PEEP varied significantiy among spodea; there- 
jtbre, we used one-way ANOVA to investigate the effects of 
PEEP in each species. We also studied the differences in the 
parameter values among epedes for each PEEP, When ap- 
propriate, Tukey^s honestly significant difference multiple 
pairwise comparisons were performed. Statistical signifi- 
cance was considered when P < 0.05. 

RESULTS 

Figures 1 and 2 show, respectively, NRxs and NXrs 
as fimctions of frequency for each of the spedes studied 
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at five different levels of PEEP. In each case, NRrs 
decre^ed monotonically, wbereais NXrs increased 
monotonically with frequency. The resonant frequency 
was not attained in any of the animals by 9.125 Hz, as 
NXrs was always negative up to this frequency. Figure 
1 also shows that mice had lower NKrs values at higher 
frequencies than did rata, guinea pigs, or rabbits. At 
the lowest frequency of 0.25 Hz and at 0-hPa PEEP, 
mice and rabbits had higher NRrs than did rats and 
guinea pigs. Above 6 Hz, NRrs decreased consistently 
with increasing PEEP. Figure 2 shows that mice and 
rabbits had lower NXrs at 0.25 Hz, in the absence of 
PEEP, than did rats and guinea pigs. 

Figure 3 shows the PEEP dependence of the Zrs 
model parameters in the four species studied. NR 
tended to decrease with PEEP in all species and was 
very similar in rats and guinea pigs, lowest in mice, 
and highest in rabbits. NI was very small in magnitude 
and usually negative. Furthermore, when I was ex- 
cluded from Eg, I and the model was refitted to the Zrs 
data, there was essentiaUy no change in the values of 
the remaining parameters. We, therefore, consider the 
influence of NT to be negligible over the frequency 
range studied. Mice and rats had higher values of NGti 
in the absence of PEEP than when PEEP was applied. 
NGti did not show any PEEP dependence in rabbits, 
and in guinea pigs NGti tended to increase at higher 
leveb of PEEP. Differences in NGti among species 
were minor and occurred at a PEEP of 0 hPa between 
mice and rats and at PEEPs of 2 and 7 hPa between 
rats and rabbits. In all species, NHti tended to de- 



crease with increasing PEEP until 5 hPa when there 
was an inflexion point, except in mice. At lower PEEPs, 
mice and rabbits had higher values of NHti than did 
rats and guinea pigs. The a and t\ were independent of 
PEEP in mice, but they showed a tendency to decrease 
and increase, respectively, with PEEP in rats and 
rabbits. In guinea pigs, the only difference noted was 
between PEEP levels of 0 and 2 hPa. Except when no 
PEEP was applied, mice showed values of a and t] that 
were significantly different from those of other spedes. 

The repeat set of measurements that was made in 
each animal was analyzed to establish the reproduc- 
ibihty of the results in time. The first and second 
measurements of R, Gti, Hti, a, and f\ at each of the five 
different levels of PEEP were compared. Paired i-test 
analysis showed no significant differences in almost all 
the parameters. Exceptions were found for Gti in 
guinea pigs at a PEEP of 7 hPa, for Hti in guinea pigs 
at PEEPs of 5 and 7 hPa, for Hti in rabbits at a PEEP 
of 0 hPa, and for a and in mice at a PEEP of 2 hPa. 
However, the relative differences were always <9.1% 
for Hti and -q, <3.1% for Gti, and <1% for a. 

DISCUSSION 

The present study was motivated by the wide utili- 
zation of rodents in the investigation of lung develop- 
ment and processes related to respiratory-system dis- 
eases. Although the species we used have been studied 
in the past (3, 4, 10. 14, 16, 17. 19, 21. 25-30, 32, 
35-37, 39), very little has been reported about the Zrs 
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Fig, 2. Imaginary parte of regpiratory eystem imped- 
ancc nonnalized to BW (NXtb) in 4 different species. 
Values are means ± SE calculated for PEEPs ranging 
between 0 and 7 hPa in each spedeH. 
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frequency (Hz) 



of mice, no doubt in part because of the technical 
difficulties associated with making the necessary mea- 
surements. Also, most of the comparative studies on 
mammalian respiratory mechanics have been per- 
formed during spontaneous tidal breathing, which al- 
lows animals to choose (and vary) tiheir tidal volumes, 
breathing frequencies, and functional residual capaci- 
ties. Furthermore, existing comparative data have 
been gathered from different sources in the literature; 
therefore, the methods used to assess mechanics were 
not always the same in the various species. Consider^ 
ing the present need to perform accurate measure- 
ments of Zrs in small rodents and the fact that Zrs 
depends markedly on frequency and lung volume (Figs. 
1 and 2), there is clearly a need for comparative mea- 
surements of Zrs in various rodent species over a broad 
range of frequencies and at different levels of PEEP. 
This was the purpose of our study. 

Zrs by itself can provide useful information regard- 
ing the state of the respiratory system, but the utiliza- 
tion of suitable models can greatly facilitate its inter- 
pretation. The model we used consists of an R and I 
leading to a constant-phase tissue compartment char- 
acterized by the dissipative parameter Gti and the 
elastic parameter Hti. It has been shown previously 
that this model provides extremely accurate fits to 
normal Zrs over the range of frequencies that we stud- 
ied (12, 15, 17. 22, 31), despite having only four inde- 
pendent parameters. As in our laboratory's previous 
study in rats (17), we found I to make a negligible 
contribution to input impedance over the frequency 
range examined in the present study. Our laborator/s 



previous studies in dogs (2) and rats (17) have also 
shown that R contains contributions from both the 
chest wall tissues and the pulmonary airways, respec- 
tively, to varying degrees, depending on the species. 
Gti and Hti characterize the viscoelastic properties of 
the respiratory tissues. 

To compare Zrs, R, I, Gti, and Hti among species, we 
multiplied them by BW. Alternatively, we could have 
normalized to lung volume. However, this can be xnis- 
leading because lung volume at any particular infla- 
tion pressure depends on the elastic properties of the 
lungs and chest wall (23), and because respiratory 
elastance (Hti) is one of the parameters in which we 
are interested, we would be effectively normalizing it to 
itself. On the other hand, we could have nonnalized to 
lung weight. However, it is known that guinea pigs 
undergo marked bronchoconstriction after death, prob- 
ably due to the release of substance P, which can 
increase vascular permeabihty and enhance edema 
formation (20). Therefore, the postmortem measure- 
ment of lung weight in guinea pigs would likely over- 
estimate its value in vivo relative to the other spedes. 
Consequently, we decided that normalizing to BW was 
the most appropriate thing to do, especially as our 
mechanics parameters reflect not only the lungs but 
also chest wall properties (8). Also, the lungs of an 
flniTTi fll serve its entire body and not just its lung 
tissue; therefore, it would seem to make sense to con- 
sider how our parameters relate to the entire body. 
Finally, normalizing a parameter with respect to BW 
allows it to be easily associated with metabolic rate, 
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Fig. 3. Parameter? of the constaiit-pliBse mode] fitted 
to respiTatoiy HyBtem impedance data of mice (n = 11), 
rtts in = 8), guinea pigs in = 5), and rabbitfi (n = 6) as 
a ftmction of PEEP. Values are norm&Uzed to BW and 
represent meane ± SE. NR, normalized Newtonian 
resistance; NI, normalized inertance; NGti^ normalized 
tissue damping; NHti, normalized tissue elastance; a ~ 
(2/Tr)arctan(Hti/Gti); -n. hysteresivity. 
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which has been shown to follow BW to the 0.75 power 
in mammals (33). 

NR and Raw, Our resxilts show that NK tends to 
decrease with PEEP (Fig. 3), presumably due to in- 
creasing parenchymal tethering forces causing an in- 
crease in airway caliber. Moreover, NB increased from 
the smaller to the larger species. This appears to sug- 
gest that the airways of smaller species are relatively 
larger than those of larger species, although we must 
be careful in drawing such a conclusion because R 
contains contributions from both the airways and the 
chest waD tissues, although the relative amounts may 
vary with species. In dogs, for example, the chest wall 
and airways have been shown to make approximately 
equal contributions to the Newtonian resistive proper- 
ties of the respiratory system (2), whereas in humans 
the chest wall has been reported to contribute 27% of R 
(5). Data collected by Rotger et al. (32) suggest that the 
chest waD contributes roughly one-third of R in rab^ 
bits. We have observed in mice that the lung contrib- 
utes up to 50% of R over a range of lung volumes 
(unpublished observations), whereas in rats (17, 30) 
and cats (12) the chest wall contributes very little to 
the Newtonian properties of the respiratory system. 



Therefore, it is possible that the rank ordering of NR 
that we found in the present study (Pig. 3) may not be 
the same rank ordering of actual normalized Raw. 

However, the notion that the rank orderings are 
indeed the same comes from a comparative respiratory 
mechanics review by Leith (21), who showed that Raw 
is related to BW over a wide range of species by 

Raw = a(BW)* (4) 

where a and b were determined by linear regression 
analysis, and the value of b varied between -0.86 and 
-0.70, depending on the source. The R data from our 
present study obtained at 0-hPa PEEP concur, insofar 
as R is an accurate reflection of Raw, giving an inter- 
mediate value of -"0.75 (Fig. 4). These relationships 
again lead to the conclusion that relative Raw (i*e., 
normalized by the inverse of BW) iacreases with in- 
creasing animal size. Further support comes from 
Valerius (38), who studied silicone rubber Ixmg casts of 
four species of myomorphic rodents and found that the 
volume of the conducting bronchial tree as a percent- 
age of total lung volume was much smaller in the 
-1.5-kg African giant pouched rat (Criceiomys gam- 
bianus) than in the 6-g harvest mouse [Micromys 
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Pig, 4, Allometric relationships of the PBspiratory systfixn model 
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minutus). Valerius also noted a progressive decline 
with animal size in the relative diameter of the left 
main bronchus. 

Resonant frequency. The resonance frequency was 
not reached by 9.125 Hz in any of the species we 
investigated (Fig, 2). This agrees with data obtained 
from studies on low-frequency forced osdllationa in 
rats (14, 17), guinea pigs (39), and rabbits (37) and 
from studies on high-frequency oscillatory ventilation 
in rabbits (36). Petafe et al. (30) were able to detect an 
inertive component in the respiratory system proper- 
ties of rats using frequencies up to 21 Hz and concluded 
that the inertive component of Zrs is essentially deter- 
mined by lung impedance, agreeing witb data obtained 
from cats (12). The fact that our estimates of I were 
negligible for frequencies <9.125 Hz (Fig. 3) does not 
mean that there were no inertial elements in the air- 



ways but rather that inertial effects were minimal over 
the frequency range studied. 

Effect of PEEP on tissue resistance. We foimd NGti in 
mice and rate to be higher at lower levels of PEEP (Pig. 
3), agreeing with previous finding in rats (17). It has 
been shown in both rats and dogs that the chest wall 
resistance is independent of mean Pao (1, 17). There- 
fore, the negative dependence of Gti with lung volume 
is Mly attributable to the lung and most likely reflects 
air space closure occurring at lower levels of PEEP, 
However, in rabbits, NGti was not dependent on end- 
expiratory volume, and in guinea pigs, there was a 
slight rise in NGti at the highest level of PEEP com- 
pared with intermediate lung volumes (Fig. 3). Be- 
cause smaller animals are known to have more com.- 
pliant chest walls, the relaxation volume normalized to 
lung size in these animals is usually lower than in 
larger animals (10), Therefore, the mice and rats in 
this study could have been ventilated at proportion- 
ately lower lung volumes at a given level of PEEP 
compared with other rodents, thus explaining the dif- 
ferences we found among species. 

Nagase et al. (26, 26, 28, 29) used the alveobr cap- 
sule technique to partition lung resistance into its 
airway and tissue components in mice, rats, guinea 
pigs, and rabbits. They showed that lung tissue resis- 
tance increased significantly with PEEP. In rabbits 
this increase was compensated for by a decrease in 
Raw (29) so that total lung resistance was maintained. 
In mice, rata, and guinea pigs, total lung resistance 
increased with PEEP, despite a reduction in Raw (25, 
26, 28). Other studies utilizing alveolar capsules in 
guinea pigs and rabbits confirm that lung tissue resis- 
tance increases substantially with lung volume (19, 
35). Dogs also exhibit an increase in limg resistance as 
mean Paw increases, but the most striking increases in 
resistance occurred at levels of Paw corresponding to 
volumes below the relaxation volume (1), Decbman et 
al. (7) showed lung resistance in dogs to have a mini- 
mum at a PEEP of 3-4 hPa. They attributed the 
increase in resistance above this PEEP level to the 
nonlinear viscoelastic properties of lung tissue, 
whereas the increase in resistance at low PEEP levels 
was attributed to air space closure. The differences 
between our results and the previous ones by Nagase 
et al. (25, 26, 28, 29) in rodents are probably due to the 
considerably different volume ampHtudes utilized for 
the assessment of respiratory mechanics. 

Effects of PEEP on Hti. The dependence of respira- 
tory system elastance on PEEP was marked by a de- 
cline in NHti at lower levels of lung inflation in all 
species followed by an increase at 5 hPa, except in mice 
(Fig. 3). These results confirm a previous study in rats 
(17), in which Hti as a function of lung volume for both 
the lung and chest wall exhibited minima. Presumably 
the increasing values of NHti at low levels of PEEP 
reflect alveolar collapse and/or airway closure result- 
ing from reduced airway-parenchymal interdepen- 
dence forces, although noiUinear chest wall elastic 
properties may also have contributed to this phenom- 
enon. The increase in NHti at higher levels of lung 
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inflation was probably due to the nonlinear elastic 
tissue properties of both chest wall and lungs. The 
absence of a clear minimuin in the NHti curve for mice 
may reflect the fact that smaller animals with compar- 
atively floppier chest walls have relatively lower lung 
volumes at a given PEEP. The range of PEEPs studied 
would then not have been suflQcient to push the Itmgs 
and chest wall into the upper nonlinear portions of 
their respective pressure-volimie curves. Another pos- 
sibility is that an increase in NHti for the lung may 
have been compensated for by a decrease in NHti for 
the chest wall, because we know that in rats the min- 
ima in these two quantities occur at difi'erent inflation 
volumes (17), The lung volume dependence of pulmo- 
nary elastance has been previously studied in small 
rodents with the use of the alveolar capsule technique 
(19, 25, 26» 28, 29, 35), and in all animals a sharp 
increase in dynamic elastance with lung inflation has 
been reported. Nagase et al. (25, 26, 28, 29) studied 
lung mechanics at transpulmonary pressures as low as 
3 hPa in mice, rats, guinea pigs, and rabbits but could 
not detect a fall in elastance at very low lung volumes, 
conflrming the results of Shardonofsky et al. (35) in 
rabbits ventilated against PEEPs of 2-4.6 hPa. Most 
probably, the diflference between our results and theirs 
is due to the fact that we used very-small-amplitude 
volume oscillations, whereas the alveolar capsule tech- 
nique was performed during tidal ventilation. 

Tissue mechanics among species. Leith (21) showed 
that chest wall compliance increases with BW to the 
0.86 power, whereas lung compliance increases with 
BW to a power between 1.08 and 1.20. When Leith 
used respiratory system elastance in the equivalent of 
Eg. 4, he found a value for b of -1.04, which is the 
exact value we found for Hti (Fig. 4). However, mice 
and rabbits had relatively more rigid respiratory sys- 
tems at low PEEPs than did rats and guinea pigs (Fig. 
3). This may have been due to differences in the rela- 
tive compliances of the lung and chest wall among 
species. However, the chest wall contribution to respi- 
ratory system elastance is ~35% in mice (16) and 20% 
in rabbits (32). Therefore, it seems unlikely that a 
relatively increased chest wall elastance in rabbits 
would solely accoxmt for a higher NHti in rabbits than 
in rats or guinea pigs. 

Alternatively, Haber et al. (11) showed that surface 
forces have a predominant influence on the elastic 
properties of the lung at volumes higher than func- 
tional residual capacity, which implicates alveolar size 
as the major determinant of specific pulmonary elas- 
tance for a constant number of alveoli. We used the 
data of Mercer et al. (24) to calculate lung volume in 
various species as the product of the number of alveoli 
per lung and the mean alveolar volume. We then as- 
sumed elastance to be inversely proportional to lung 
volume and calculated lung elastance normalized to 
BW relative to that of the mouse (Fig, 5). Although the 
normalized lung elastances decreased with size for 
most species, rabbits and mice had very similar pulmo- 
nary distensibilities because of the unusually small 
alveoli in the rabbit (24). We compared these values 
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with estimates of Ifflti for the lung in mice, rats, and 
rabbits by assuming that the Imig accounted for 65% of 
respiratory system NHti in the mouse, 55% in the rat, 
and 80% in the rabbit (16, 17, 30, 32). Figure 5 shows 
that our estimates of normalized puhnonary NHti 
agree well with the literature-derived values of lung 
elastance. It thus seems Ukely that mice and rabbits 
have relatively higher NHti compared with rats and 
guinea pigs because of proportionately smaller total air 
space volumes. 

We found Gti to vary with BW to the -1,02 power, 
which is very similar to the relationship we found for 
Hti (Fig, 4), This means that Gti and Hti should have 
a constant ratio; therefore, should be independent of 
animal size. Although t] was essentially constant in 
mice over the PEEP range studied, rats, guinea pigs, 
and rabbits showed values of r\ that varied with PEEP 
(Fig. 3). Hirai et al. (17) reported a modest variation in 
t\ with lung volume for the respiratory system in rats 
that was due to only a slight variation in for the lung 
but a marked variation in ti for the chest wall. Lung 
has also been shown not to be affected by transpulmo- 
nary pressures between 3 and 11 hPa in mice (28) and 
between 2 and 4.6 hPa in rabbits (35), whereas hyper- 
inflated guinea pig lungs ventilated with normal tidal 
volume had reduced r\ (19). This suggests that the 
observed PEEP dependence of respiratory system -n 
that we found was due to the chest walL 

Finally, we must consider some potential shortcom- 
ings of our study. In making a comparison among 
spedes, it is important to keep experimental conditions 
and protocols as similar as possible for the diflferent 
animals. It is impossible to do this perfectly, especially 
when animals of different sizes are examined. In our 
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study* for example, we had to ventilate the difierent 
rodents with tidal volumes and frequencies pertaimng 
to their respective breathing patterns. However, the 
actual measurements of respiratory mechanics were 
made by using the same volume perturbation wave- 
form in each animal, scaled in amplitude according to 
the various animals' tidal volumes. In this way, we 
hoped to avoid the confounding eflfects of frequency, 
amplitude, and PEEP that are known to affect the 
mechanical behavior of the respiratory system to a 
significant degree (1, 12-17, 30-32, 35). Another po- 
tential source of variability in our measurements was 
the fact that we did not use the same anesthetic and 
paralyzing agents in all species. Our experience is that 
dififerent species are best treated with different drugs, 
especially in terms of the paralyzing agent used (com- 
plete paralysis is essential for the accurate determina- 
tion of respiratory impedance). This raises the question 
as to whether our results could have been affected by 
these differences in drug treatment. We cannot know 
for sure. However, we suspect that the effects were 
negligible because the results we obtained in the dif- 
ferent species scaled generally with animal size, with 
those departures being interpretable in terms of the 
previously reported differences in relative airway size 
between lai^e and small animals. 

In summary, we performed a comparative study of 
2a^ in mice, rats, guinea pigs, and rabbits using a 
computer-controlled SAV. We interpreted Zrs in terms 
of a constant-phase tissue model in series with a R and 
I. We documented the PEEP dependencies of airway 
and tissue properties in these animals and interpreted 
our observations in terms of various physiological phe- 
nomena, such as air space recruitment and airway- 
parencl^mal interdependence. We also showed that R 
is proportionately higher in larger animals, probably 
due to the relatively smaller increase in airway caliber 
as size increases. We also argued that a relatively 
smaller total air space volume could explain the higher 
values of Hti that we found in mice and rabbits. We 
thus conclude that a detailed, comparative study of 
respiratory system mechanics shows evidence of some 
structural differences among the lungs of various spe- 
cies, although, overall, the rodents that we studied had 
respiratory mechanics that scaled according to BW in a 
similar fashion to that reported in other spedes (21). 
This suggests that the lungs of the rodents that we 
studied differ from those of larger species essentially 
only in terms of scale, which supports their validity as 
general-purpose models of the human lung. 

We adcDcvwledge the Medical Hesearcli Caimd} of Canada; the 
FondB ds la Recherche en Sont^ du Qu6bcc» Inspirstplex; the JT 
Cofitello Memorial Research Fund; and the National Heart, Lung, 
and Blood Institute (Grant HL-4&522). 
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FIGURE 3 



Characterization of allergen-induced bronchial 
hyperresponsiveness and airway inflammation 
in actively sensitized Brown-Norway rats 



Wayne Elwood. BSc. Jan O. Ldtvall. MD, PhD. Peter J. Barnes. DSc FRCP, 
and K. Fan Chung, Mb, MRCP London, England 

Bronchial nspon^iveness to inhaled acetylcholine (ACh) and inflammatory cell recrmtmcnt in 
ZZLlyelr lavage fluid iBMS) were studied in inbred B^"-'''!":^ S^ZT^ initial 
sensitized to. and later exposed to. oyaWumin (OA) We exam^ '^'"fJL^Teien 
sensitization at 18 to 24 hour., or S days after a singU ''^'''^''rff'^rfj^Zuon 
repeated exposures administered every 3 days. BALF was examined as an index of'fr^^'y 
cZT'Sn the lung. Animals repeatedly exposed ,o OA aerosols ~f ^^'^''^^ 
Umg resismce and a significant increase in bronchial responsiveness to tnhaUd ACh compared 
TconLl animals at b^H 18 to 24 hours and 5 days after the last OA exposure. S^^f 
IZaU receiving a singk OA aerosol also demonstrated bronchial hyperre^onsiveness (BHRJ 
^^ed ACh rp < 0%I) at 18 to 24 hours of a similar order o. the '^^f:'^^;?^^ 
THere was a significant increase in cosinophiU. lymphocytes, and neutrophUs m BALF^f Jf « 
S but nitis days after single or multipU exposure to OA aerosol if'^TlasmaU- 
groups. Control animaU demonstrated no changes in bronchial responsiveness. '^"^^^^/'^ 
L significant increase in irfiammatory cells was observed compared to salme-onfy treated 

was a signifiZr orrelatlon between bronchial "^7-- f^^-^^ 
counts in the BALF in the single oUergen-exposed group (K = 0.68: P. ^.'^f j",^'/^;^''^' 
Ouu (1 ) BHR after allergen exposure in sensitized rats is associated with the P f f 
Zlmonary inflammasim but persists despite the regression of inflammasory cells ui BALF 
'^TH^iple OA exposures, and (2> this rat model Has mar^ dia^tenstics of human 
alUrgen-induced BHR. (J ALLERCr CUN Immunol 1991;88.^51-W,} 

Key words: Brown-Norway rats, bronchial hyperresponsiveness, active sensitization, ovalbumin, 
bronchoalveolar lavage 



IS 



BHR to a wide variety of bronchoconstrictor stimuli 
15 a characteristic feature of asthma' * and is closely 
related wiA the severity and frequcaicy of asthma 
symptoms.' Although the precise mechanism(5) of this 
phenomenon have not been elucidated, considerable 
attention has been focused on the role of airway in- 
flammation in the pathophysiology of BHR. Experi- 
mental studies in several animal models, including 
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Abbreviations used 


ACh: 


Acetylcholine 


BHR. 


Bronchial hyperresponsiveness 


BALF: 


Bronchoalveolar lavage fluid 


OA: 


Ovalbumin 




Provocative concentration producing 


200% increase in lung resistance 




Lung resistance 


R.; 


Spearman's rank-^onrelalion coefficient 


Al(OH),: 


Aluminium hydroxide 


ip; 


Intraperitoneal 


Ab: 


Antibody 


EOS: 


Eosinophil 



dog. rabbit, and she^. have demonstrated a close 
temporal association between the degree of inflam- 
matory cell infUtration in the airway wall and the 
development of BHR induced by scfveral stimuli, in- 
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TABLE I. Characteristics of eight experimental groups and procedures performed for each group 
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Group 




weight 


ip Injection 




(cm 


Iti'me after 


N 


W 


(X 3) 


Aerosol axpo&ure 


ml-^fi-^) 


last expoaure) 


A 


9 


265 =^ 10 


Saline 


Saliti£ (X 1) 


0.44 ± 0.03 


18-24 hr 


B 


8 


248 ;±: 10 


AKOH), 




0.46 Z 0.03 




C 


6 


255 2: 8 


OA plus Al(OH)i 




0.53 ± 0-01 




D 


5 


243 ± 12 




0A(x 1) 


0.51 a: 0.03 


18-24 hr 


E 


11 


240 ± 14 


OA plus Al(OH), 


OA(X 1) 


0.49 ± 0.05 


18-24 hr 


F 


8 


253 ± n 


OA plus Al(OH)i 


0A(X 7) 


0.60 ± 0.05* 


18-24 hf 


G 


5 


260 ± 18 


OA plus Al(OH), 


0A(x 7) 


0.53 S 0.06 


5 days 


H 


6 


257. a; 14 


OA plus A1(0H), 


0A(X I) 


0.43 ± 0.03 


5 d«ys 



*p < O.Ol compared to salinc-cxposed group. 



eluding allergen and ozone.^ In the sensitized dog, 
rabbit, and shccp,^- ^ allergen exposure causes an in- 
crease in bronchial responsiveness associated with a 
neutrophilia in BALP. Allergen challenge in sensiti2ed 
guinea pigs'- * and monkeys,**' however, produces an 
EOS influx into the airways, and these animals have 
been proposed as bener models for human asthma 
because the EOS, rather than the neutrophil, appears 
to be a more prominent cell in the airway submucosa 
of patients with asthma. Similar studies have been 
performed in sensitized rats that are known to develop 
specific Abs of the IgE class,*'* in contrast to guinea 
pigs chat usually demonstrate the presence of IgG 
Abs, '-^ After allergen exposure, these rats develop both 
an acute and a late bronchoconstriaor response,'^ and 
increases in bronchial responsiveness to methacho- 
line'^ similar to the responses observed in human sub- 
jects with asthma." 

We have characterized further this model by study- 
ing the effect of allergen challenge on bronchial re- 
sponsiveness and on *e influx of cells into the lungs 
and airways with BAL. We examined the duration of 
the induced BHR and determined whether repeated 
exposure to aerosolized allergen compared to a single 
allergen exposure could further enhance and prolong 
this BHR and its accompanying inflammatory re- 
sponse. In addition, we examined the effects of sen- 
sitization per se, of treatment with adjuvant only and 
of exposure of unscnsitized animals to OA aerosol on 
bronchial responsiveness and cellular composition of 
BALK 

METHODS 

Sensitization procedures and 
allergen exposure 

Wc studied eight separate groups of inbied male Brown- 
Norway rats weighing 200 to 350 g. Seven of the eight 
groups were administered ip injections on days I. 2, and 
3, The object of the eight groups used was (1) to detemunc 



the effects of a single or mult^)Ie exposure to allergen after 
ip sensitization, (2) lo compare the time course after the 
last allergen exposure between 1 8 to 24 hours and 5 days 
in the single- and multiple-exposure groups, (3) to dctemune 
the effect of ip scnsitizatioD per se and of adjuvant alone, 
and (4) to examine the effect of aerosolized allergen ex- 
posure in unsensitizcd animals. The groups are summarized 
in Table I and were as follows: 

Group A (saline). One milliliter of saline was injected 
mtrapcritoneally, followed 21 days later by a single saline- 
aerosol exposure for 15 minutes. AimnaJs were smdied 18 
to 24 hours later. 

Group B.(Al(OHh only). One milliliter of a 100 rag 
A1(0H)3 in 0.9% (wt/ vol) saline suspension was injected 
intraperitoneally but no aerosol exposure. 

Group C (sensitized: no allergen aerosol exposure). One 
milliliter of a 1 mg OA/ 100 mg AKOH), in 0.9% (wt/vol) 
saline suspension was injected intraperitoneally; this group 
was not exposed to allergen. 

Group D (allergen aerosol exposure only). Naive animals 
were exposed to a 1% OA aerosol for 15 minutes; animals 
were smdied 18 to 24 hours later. 

Group E (single allergen aerosol exposure). One milli- 
liter of a 1 mg OA/ 100 mg AKOH), in 0.9% (wt/vol) saline 
suspension was injected inuaperitoneally, followed 21 days 
later by a single exposure to I % OA aerosol for 15 minutes: 
animals were studied 1 8 to 24 hours later. 

Grocfp F (chronic allergen aerosol exposure). One mil- 
liliter of a 1 mg OA/ 100 mg Al(OH), in 0.9% (wt/vol) 
saline suspension was injected innaperitoneally. followed 
by exposure to 1% OA aerosol for 15 minutes administered 
every third day for a 21-day period; animals were smdied 
IS to 24 hours after their last exposure. 

Group G (5 days after chronic allergen aerosol expO' 
sure). One milliliter of a J mg OA/ 100 mg Al(OH), in 0.9% 
(wt/vol) saline suspension was injected intraperitoneally, 
followed by exposure to 1% OA aerosol for 15 minutes 
administered every third day for a 21 "day period; animals 
were studied 5 days after their last exposure. 

Group H (5 days qfter single allergen aerosol exposure). 
One railliliier of a 1 mg OA/ 100 mg Al(OH)j in 0.9% 
(wt/vol) saline suspension was injected intraperitoneally. 
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foUowcd 21 days later by a single exposure to 1% OA 
aerosol for 15 minutes; animals were studied 5 days later. 

Aerosol exposure was accomplished by placing the rats 
in a 6 5 liter plcjtiglass chamber connected to a DeVilbiss 
PulmoSonic nebulizer (model No. 2512, DeVilbiss Health 
Care, U.K., Ltd., ftltham, Middlesex, UX.) that generated 
an aerosol mist pumped into the e;(posure chamber by the 
airflow supplied by a small animal, ventilator set at 60 
strokes /rnin"* with a pumping volume of 10 m). 
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ACh were administered by inhalation (45 breaths) with the 
initial concentration set at IQ- raol/L. Increasing concen- 
uations were administered at 5- to 7-minutc intervals with 
one hyperinflation of twice the tidal volume applied between 
each ACh concentration, performed by manually blocking 
the outflow of the ventilator. The challenge was stopped 
when an increase in R, exceeding 200% over the iniUal 
baseline was obtained, PCjoo was calculated by log-linear 
interpolaUon of concentration-icsponse curves from mdi- 
vidual animals. 



Measurement of lung function and airway 
responsiveness to ACh 

For measurement of airway responsiveness, lats were 
anesthetized with an initial dose of 60 to 80 mg/kg of 
pcntobaibitonc injected intraperltoncally. AddiUonal pen- 
tobarbitone was administered as required to maintam ad^ 
quate anesthesia. A tracheal cannula (10 mm length and 1 .3 
mm internal diameter) was inserted into the lumen of the 
cervical trachea through a tracheostomy and tied snugly with 
suture material. A polyethylene catheter was inserted mto 
the left carotid artery to monitor blood pressure and heart 
rate with a pressure transducer. The right ewcmal jugular 
vein was cannulated for administradon of intravenous drugs 
and fluids. Animals were then connected to a small animal 
respirator (Harvard Apparatus, Ltd., Edcnbridge, Kent, 
U K.) and ventilated with 10 ml/kg'' air at a rate of 90 
stiokes/min-^ Transpulmonaiy pressure was measured 
with a pressure transducer (model FCO 40; ± 1000 mm of 
H,0, Fumess Controls, Ltd., BexhiU, Sussex, O.K,) widi 
one side attached to an aii-flllcd catheter inserted into the 
right pleural cavity and die other side attached to a catheter 
connected to a side port of the intratracheal cannula. The 
ventilatory circuit had a total volume of 20 ml. Aiiflow was 
racasuied with a pneumotachograph (model FIL; Mercury 
Electronics, Ltd., Glasgow, ScoUand) connected to a tmns- 
ducer (model FCO 40; ± 20 mm ofHfi, Fumess Controls, 
Ltd ).The Signals fiom the transducers were digitalized with 
a 12-bit analog-digitaJ board (NB-MIO-lfi, National Instru- 
incnts, Austin, Texas) connected to a Macintosh n computer 
(Apple Computer Inc. , Cupertino, Calif.) and analyzed with 
a software (LabView, National Instruments), which was 
programmed to instantaneously calculate according to 
me method of von Neergard and Wirz.'* Transpulmonary 
pressure and mean blood pressure were also momtored 
throughout the experiments. Aerosols were generated with 
an ultrasonic nebulizer (model 25U; PulmoSonic, De- 
Vilbiss Co., Pa.) and were administered to the airways 
through a separate ventilatory system that bypassed the 
pneumotachogTBph. The volume of diis circuit was 50 mL 
The mean mass diameter of the aerosol was 3.8 n-m, with 
a geometric standard deviation of 1.3, measured with a laser 
^plci and parade analyzer (model 2600C, Malvern In- 
struments, Derbyshire, U.K.). 

Animals were initially injected with propranolol (1 
mg/kg mtravcnously) to inhibit adrenergic effects. A dose 
of inhaled saline was administered for 45 breaths, and the 
subsequent Rt, value was used as baseline. Starting 3 nunutes 
after saline w^posure, increasing half-log,o concentrations of 



BAL and cell counting 

After measutement of lung-fiinction parameters, rats 
were administered an overdose of sodium pentobarbitone 
(too mg/kg-' intravenously), and lungs were lavaged with 
10 X 2 ml aliquots of 0.9% wt/ vol of Sterile saline through 
a polyediylene wbe introduced through the tracheostomy. 
Lavage fluid was centriftiged (500 g for 10 minutes at 4^ 
C), and die cell pellet was rcsuspeoded in 0.5 ml of Hanks' 
balanced salt solution. Total cell counts were made by add- 
ing 10 nl of the ccU suspension to 90 \l\ of Kimura stain 
and counted in a Neubaucr (American Optical Corp. , South- 
bridge, Mass.) chamber under a light microscope. Differ- 
endal cell counts were made from cytospin preparations 
stained by May-Grilnwald stain. Cells were identified as 
EOSs, lymphocytes, neutrophils, and macrophages by stan- 
dard morphology and 500 cells counted under x 400 mag- 
nificadon, and the percentage and absolute number of each 
cell type were calculated. 

Drugs 

We used the following dmgs: OA (grade V, salt free) and 
ACh (Sigma Chemical Co., Poole, Dorset, U.K.). alumi- 
num hydroxide (BDH Chemicals Ltd., Dorset, Poole, 
U.K.). propranolol flnderal, JO, pic, Macclesfield, Chesh- 
ire, U.K.). and pentobarbitone sodium (Sagatal* May & 
Baker, Ltd., Dagenham, U.K.). 

Data analysis 

PCot data have been logn, transformed and arc reported 
as mean -log PC„ ± SEM. Nonparametric analysis of 
variance (Kmskal-WalUs method) was used to determine 
signmcant variance among the eight groups. If a significant 
variance was found, we used Mann-Whitney U test to ana- 
lyze for significant difference between individual groups, 
and since mor^ than one comparison was made, a p value 
of <0.01 was considered significant. Spearman rank- 
corteladon coefficiem (Rs) was used to analyze the rela^ 
tionship between variables. Data were analyzed widi a. 
Macintosh computer (Apple Computer Inc.) with standard 
statistical packages. 

RESULTS 
Baseline analysis 

Baseline and body weight arc presented for each 
individual group in Table I. A single allergen exposure 
(group E) did not significantly increase the baseline 
Ri, J 8 to 24 hours later compaired to the saline-exposed 
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group (group A), However, after repeated allergen 
exposure (group F), baseline Rl was significantly 
higher than after saline exposure only (p < O.Ol) 
(Table 1). 

Aerosol exposure 

Animals sensitized by ip injection of 1 ml of 1 mg 
OA / 100 mg A1(0H)3 responded when they were ex- 
posed to an aerosol of 1% OA solution by demon- 
strating obvious respiratory distress characterized by 
the development of a defensive posture and exagger- 
ated labored breathing motions. This immediate re- 
sponse started within 3 to 5 minutes of aerosol ad- 
min istration» but its appearance did not result in the 
death of any animal nor did it necessitate the use of 
protective drug cover All animals recov^ied spon- 
taneously frooi aerosol exposure. Animals adminis- 
tered saline intraperitoncally and then exposed to a 
subsequent saline aerosol did not demonstrate this im- 
mediate response, nor did unsensitized animals ex- 
posed to aerosolized allergen. 

Airway responsiveness 

Inhaled ACh caused a concentration-dependent in- 
crease in Ri.. Individual peak Rl responses at each 
challenge concentration for animals in groups A, £, 
and F are illustrated in Fig. 1 . After inhalation of each 
concentration of ACh, peak Rl was reached within 45 
seconds and recovered during 2 to 5 minutes. Mean 
- log PC200 values for all the groups are also illustrated 
in Fig, 2. 

The airway responsiveness of the three groups that 
received the adjuvant AlCOH)^ only (group B), OA 
with Al(OH)} without a subsequent allergen aerosol 
exposure (group C), and the group that only received 
an allergen aerosol exposure (group D) demonstrated 
a small but nonsignificant change in responsiveness 
compared to saline-only treated animals (group A) that 
had a "log PCwo value of 1.8 ± 0.12 mol/Lof ACh. 

The two groups that had been intraperitoneally sen- 
sitized and then exposed to either a single or a multiple 
allergen challenge and tested 18 to 24 hours after the 
last exposure (groups £ and F) were significantly more 
responsive (p < 0.01) than the four control groups. 
Hyperresponsiveness to ACh was also present when 
the chronic allergen-exposed rats were tested 5 days 
after their last aerosol exposure (group G) widi a mean 
-lOgPCMo value of 2.6 ± 0.12mol/Lof ACh (p < 
0.01). The group of sensitized animals administered 
a single allergen exposure and tested 5 days later 
(group H) was not significantly more responsive than 
the control group A. 

The greatest increase in responsiveness was ob- 
served in the chronic allergen-exposed group (group 



F) with a -log PCjoo value of 2.9 ± 0.19 mol/L of 
ACh« which is approximately a tenfold increase in 
airway responsiveness compared to the saline-treated 
group O < 0.01). However, the single allergen 
aerosol-exposed rats (group E) produced a similar in- 
crease in airway responsiveness to those chronically 
exposed, revealing a - lOgPCMo value of 2.6 ±0.11 
mol/L of ACh. 

Cellular content of BALF 

BALF recovered from sensitized animals that had 
been exposed to a 1% OA aerosol had significantly 
increased total cell numbers 1 8 to 24 hours later (group 
E, 4.33 ± 0,55 X 10<*; group F, 4.29 ± 0.92 x 
10*) (p < 0.01) compared both to saline-treated an- 
imals (group A, 2<18 ± 0.39 X 10*) or to animals 
not exposed to allergen aerosol (group B, 
1.92 ± 0.34 X 10*; group C. 1.47 ± 0.10 X 10*) 
or to unsensitized animals exposed to 1% OA (group 
D, 1.91 ± 0.48 X 10^) (Fig. 3). 

There was a significant preferential increase in the 
numbers of EOSs and lymphocytes in groups £ and 
F when these groups were compared to all the other 
groups {p < O.OI) (Fig. 4); saline-treated animals 
(group A: EOSs, 0.013 ± 0.01 x 10*; lymphocytes. 
0.01 ± 0.02 X 10*), single aUcrgcn-cxposcd ani- 
mals (group E: EOSs, 1.34 ±0.31 x 10*; lympho- 
cytes, 0.57 ± 0.12 X 10*), and chronic allergen- 
exposed animals (group F: EOSs, 1.42 ± 0.35 x 
10*; lymphocytes. 0.73 ± 032 x 10*). Total BAL 
cell counts from groups G and H were not significantly 
different jfrom counts from control groups B, C, and 
D. The EOS and lymphocyte counts from groups G 
and H were sigmficandy lower than counts from 
groups E and F, respectively. However, the animals 
Irom the chronically exposed group tested 5 days later 
(group G) were still hyperresponsive. There was a 
small, but significant, increase in inflammatory cell 
infiltration (i.e., EOSs, lymphocytes, and neutrophils) 
in animals from groups B, C, and D (p < 0.01) when 
compared to saline^nly treated animals. 

Relationship between BHR and cells in BALF 

There was a significant correlation between bron- 
chial responsiveness (PC200) and the degree of EOS, 
lymphocyte, and neutrophil infiltration when these 
data from all the different experimental groups were 
analyzed together (for EOSs, R^ « 0-78; p < 0-01; 
for lymphocytes, R, = 0.36; p < 0.02; for neutro- 
phils, R, =» 0.48; p < 0-01). When the sensitized, 
single allergen-exposed group (group E) was analyzed 
alone, this significant relationship remained only be- 
tween EOS count and tine PQoo to ACh (R* = 0.68; 
p < 0.05; Fig. 5). 



VOLUME 88 
» NUMBER 6 



BHF^ and inflammation In rats 959 



'■4 
■V- 

m 



O 
CO 

s 



500- 
400- 
300- 
200- 
100- 

0- 
-50 J 



500- 

400- 

300- 

200- 

100- 

0- 
-50-' 



GROUP A 




IT- 

2 



GROUP E 




I 



I 
I 



1 



500 
400 
300 
200 i 
100 



0 
-50 



GROUP F 




r" 

4 



ACh (- Log M) 



RG 1 Individual concentration relationships for inl^aled ACh for the individual rate from 

the concontration-refiponse curve and indicates the individual PC»o values. 



i 



d56 Elwocid et a I. 



J. AUfRQY CUN. IMMUNOL. 

DECEMBER 1991 



3.5n 



o 

w 2,51 
o 



n-11 



n=5 



2.0- 



rt=a 



n=6 




n=6 



n=9 



1.5- 



o 
c 



B 
o 

X 

o 



CO 

p. 



4 



4> 

"I s 

m 8 
51 



3. 



C 0 
O O 



CO S 

10 "3 



H 



RG. 2. Mean -log PC^ ( ai SEM) for groups A to H (see Table I for the indrvidusi groups). Only 
groups E, F, and G reveal a significant increase In bronchial responsiveness compared to that 
of control group A <*p < 0.01). 



DISCUSSION 

In this in vivo rat model, we have demonstrated 
that bronchial responsiveness to inhaled ACh was sig- 
nificanfly increased at 18 to 24 houR in intraperiio- 
neally sensitized rats after exposure to OA aerosol 
compared to bronchial responsiveness of unsensidzed 
or unexposed groups. The increase in responsiveness 
observ wl was of a similar order of sevenfold to tenfold 
in rats exposed either to a single allergen aerosol or 
to multiple aerosols. BHR observed after a single OA 
aerosol was detectable at 1 8 to 24 hours after exposure 
but was not present 5 days later. However, in animals 
exposed repeatedly to OA aerosols, there was a more 
persistent BHR that was also observed 5 days after 
the last exposure. In this respect, our results are sim- 
ilar to results, of Eidehnan et al.'^ who were unable 
to demonstrate a change in airway responsiveness to 



inhaled methacholine in sensitized rats, despite the 
development of an identifiable late response after a 
single exposure to OA aerosol measured 1 week after 
a single exposure. BeUofiore and Martin'* also dem- 
onstrated an increase in methacholine responsiveness 
in sensitized rats after multiple OA aerosol exposures 
lasting for up to 17 days after the last challenge. 

Brown-Norway rats are good producers of Ig£ Ab 
and almost uniformly respond to sensitization with die 
development of increased titers of specific IgE Ab.'* 
As an index of the allergic inflammatory changes 
within the lungs, we used cell counts obtained by 
BAL, We demonstrated an increase in the total cells 
recovered in all groups that were sensitized and then 
exposed to aerosolized allergen. The biggest increases 
in EOS, lymphocyte, and neutrophil counts occurred 
18 to 24 hours after allergen exposure in the sensitized 
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FIG. 3. Mean total cell counts ( ± SEM) m SALF^ from groups A tp H (590 Table i for the individual 
group treatments). There was a significant increase in total cells in groups £ and F compared 
to that of control groups A to 0 (V < 0 01). 



animals, with a reduction in these cell types after 5 
days to levels not significantly different from that of 
the control groups. A more variable increase in maC' 
rophage recovery in BALF by day 5 after the last 
allergen challenge was observed in the group of rats 
diat demonstrated persistently increased responsive- 
ness to inhaled ACh (group G), Unlike the ragweed 
sensitized dpg modcU^ wc found a slight, but nonsig- 
niticant, increase in neutrophils in BALF after allergen 
challenge compared to the intrapcritoneally sensitized- 
only group (group C), The increase in EOS counts 
that we have demonstrated were transient and were 
not present 5 days after allergen exposure, unlike the 
sustained increase in EOS counts recently demon- 
strated in monkeys sensitized to Ascaris 5««m.'** In- 
terestingly, our data appear sinular to data reported 
after allergen challenge in human subjects with asthma 
in whom EOSs were the predominant inflammatory 
cell type in BALF.*" 

Our studies reveal additional light on the relation- 
ship between the inflammatory process induced by 
allergen challenge and the increase in bronchial re- 
sponsiveness to inhaled ACh. The BHR observed at 
18 to 24 hours after allergen challenge coincided with 
the largest increases in inflanunatory cell types in the 
BALF, We found a significant relationship between 
EOS count and PC200 when data from all groups were 



pooled- This significant relationship remained when 
results from rats in the single OA aerosol-exposed 
group only were analyzed (group 5). However, in our 
model, persistence of BHR at 5 days after the last 
allergen exposure was not accompanied by significant 
changes in cellular content of BALF. Our data there- 
fore suggest that BHR may persist in the absence of 
inflammatory cells and that it is possible that the re- 
cruitment of inflammatory cells may only be a tran- 
sient event that initiates mechanisms for BHR that 
may persist for longer than the inflammatory response 
itself. BHR that persists for weeks after a single ex- 
posure has been described in allergic dogs after al- 
iergen challenge, but in this model, no data on the 
BAL cell content at later time points were .obtained.* 
Since we have not examined die histology of the air- 
ways in the present study, it is not possible to state 
whether the profile of cells recovered from the BAL 
represents a true reflection of submucosal airway in- 
flammation. It is also possible that the persistent BHR 
that wc observed may result from thickening of the 
airway submucosa from cither persistent edema or 
connective-tissue fibrosis," 

We performed control smdies in four separate 
groups of rats to determine whether the adjuvant used, 
Al(OH)j, or sensitization per se, or exposure of un- 
sensitizcd rats to OA aerosol had any effect on airway 
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FIG. 4. Mean cell counts (± SEM) for macrophages, EOSSi lymphocytes, and neutrophils {ieft 
to nght) from BALF obtained from groups A to H (see Table I for the individual groupsl. Groups 
E and F had a significant preferential increase in EOSs and lymphocytes compared to that of 
all other groups (*p < 0.01). 
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FIG. 5' Relationship between PC200 and total number of EOSs in BALF from sensitized, single 
allergen^exposod animals (group E). There is a significant correlation » 0.^; p < 0.05). 



responsiveness or inflanunatory changes within the 
lung compared to a saline*oTily treated group. These 
procedures caused no significant change in bronchial 
responsiveness consistent with previous studies in 



rats, guinea pigs, and dogs,^^ and although there 
were small changes in the relative proportions of cells 
recovered by BAL, the total cell counts were not af- 
fected. These observations suggest that ip sensitiza- 
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tion itself is not responsibJe for the large increase in 
inflammatory cell recovery found in the HALF after 
allergen exposure and may represent a nonspecific 
response of the immune system or of the lungs to 
A1(0H)3 or to aerosolized allergen exposure, respec- 
tively. In the saline-only treated group, there were 
very few EOSs, lymphocytes, or neutrophils, and al- 
veolar macrophages usually accounted for 95% of all 
recovered cells. 

Repeated exposure to OA in sensitized rats did not 
induce additional increases in airway responsiveness 
or in total cell recovery compared to those found 
after a single exposure* This raises the possibility that 
dierc may be a process of desensitization to prevent 
ongoing and increasing inflanunation and the anen- 
dant BHR, as has been described in guinea pigs sen- 
sitized to OA" -* and sheep sensitized to A, suum,^ 
and as was observed in the rat to some extent by 
Bellofiore and Martin.'* The mechanisms for this lim- 
itation of BHR and inftammation are not clear, but 
one possibility is that this could be due to T suppressor 
cell generation after repeated aerosol challenge that 
would reduce the amount of chemoattractant lym- 
phokine generation, as has been described in the rat." 
It is also possible that repeated exposure to OA via 
the respiratory tract may eventually lead to diminution 
of IgE titers.^' Nevertheless, repeated exposure ap- 
pears to lead to a more persistent increase in airway 
responsiveness compared to the effect of a single OA 
exposure. 

Of great prominence is the presence of increased 
numbers of lymphocytes and EOSs in the BALF of 
the sensitized rats challenged with OA. Current evi- 
dence suggests that lymphocytes may be involved io 
regulating both EOS influx" and activation in the al- 
ways of patients with asthma^' through the release of 
various lymphokines, such as interleukin-5."'^' EOS 
recruitment and activation in the airways may be an 
important step in the pathogenesis of BHR.^^ It is also 
possible that lymphocytes may be important both in 
enhancing and limiting the degree of BHR in our 
model, and it is therefore important to investigate 
further the role of these cells in this animal model of 
BHR, 

In summary, this in vivo model in the sensitized 
rat demonstrates several features that bear similarities 
to features of human asthma, including an immediate 
response after allergen exposure, followed 18 to 24 
hours later by a significant increase in EOS and lym- 
phocyte counts In BALF associated witb BHR to in- 
haled ACh after a single allergen exposure, and more 
sustained BHR after repeated allergen exposure. Our 
findings in this rat model are therefore of relevance 
to bronchial asthma in humans, and our model may 
be used to elucidate the roles of the EOS and lym- 



phocyte in the pathc^enesis of human allergic airway 
inflammatory responses and BHR. 

We thank Dr. 1. M. Richards (The Upjohn Co.. Kala- 
mazoo, Mich.) for bis help and advice, and Dr. Anders 
Ullman (SahJgiara Hospital. Gothenburg, Sweden) for sub- 
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McOraw, PenniB W„ Swsim L. Forbea, Judith C. W. 
Mak, DttVid P, Wltt€, Patricia Carrlgan, George D. 
Leikftuf » and Stephen B. Uggett. Transgenic orvercxprea- 
sion of Po-adranergic rewptore in airway epithelial cells 
decreBBeal)ronchoconBtriction. Am J Physiol Lung Cell Mol 
Physiol 279: L379-Ua9, 2000.— Airway epltheUal ceUa ex- 
profia ^a-adrenergic receptors (Pa-ABfl)» but their role m reg- 
ulating airway reaponaiveneua is lindear. With the Clara cell 
secretory protein (CCSP) promoter, we targeted expreBBion of 
B»'ARfl to airway epithelium of transgeiuc (CCSP-Pa-AR) 
mice, thereby mimicking ogoniat activation of roceptora only 
in these celk. In eitu hybridisation confirmed that transgene 
eJcpreaBion waa confined to airway epithelium, and autora- 
diography showed that Pa-AR density in CCSP-Pb:AR mice 
waa approximately twofold that of noatranBgenic (NTG) 
mice. Airway responHiveness measured by whole body ple- 
thyamography fihowed that the methacholinc doae required 
to increase enhanced pauae to 200% of baseline (EDaoo) was 
greater for CCSP-ftrAR than for NTG mice (346 ± 34 vb. 
157 ± 14 tng/ml; P < 0.01). CCSP-pa-AR mice were alao less 
responsive to ozone (0.7B ppm for 4 h) becauae enhanced 
pause in NTG mice acutely increased to 77% over baseline 
(P < 0.06) but remained unchanged in the CCSP-Pa-AR mice. 
AlthovMTh both groupe were hyperreactive to methadbolliw 
e h after ozone exposure, the ED^io for ozone-expoeed CCSP- 
Pa-AR mice was equivalent to that for unexposed NTG mice. 
These flndinge show that epithelial cell Pa-ARs regulate 
airway respoAfllveneBS in vivo and that the bronchodilating 
effect of p-agonifltfl results flrom activation of receptors on 
both epithelial and smooth muscle oella. 
G protein-coupled receptor; adenosine 3',5^cyclic monophoa- 
phate; adeny^l cyclaoo; ozone 

tHK AIRWAY EPrTHEUUM represents a critical interface 
between the bronchial smooth rauBcle and the external 
environment. A» such, the epithelium can be a signif- 
icant regulator of airway responsiveneBB (revievsr^ in 
Ref, 68). First, the epithelium forma a mechanical 
barrier that protects the underlying bronchial etruc- 
tures from exposure to environmental spasmogene (19, 
42). Secondi the epithelium has enzymatic activity that 
con degrade a variety of bronchospaBtlc substances (12, 

Address for reprint requeota and other «orreBpondence: S. D. Lig- 
gett, University of Cinciimati College of Medicine, 231 Bethesda 
Ave.. Cindonati, OH 46267-0664 (EHnsil: Btephen.Liggett^c.«du>. 



47. 53). Third, mucociliary clearance is t^egulatod by 
the ciliary activity of the epithelium 10), as is the 
production and content of the epithehal lining fluid (4). 
These functions of the epithelium affect airway respon- 
siveness indirectly by limiting the exposure of airway 
smooth muscle to luminal spasmogens. 

Id addition to these indirect effects, airway epithelial 
cells may regulate bronchial tone directly through the 
release of eubatances that either relax or contract air- 
way smooth muscle. Known epithelium-denved sub- 
fltances that relax airway smooth muscle include PGE3 
(22, 69) and nitric oxide (NO) (26). Some studies (3, 14) 
have also suggested the presence of a nonprostanoid 
epithelium-derived factor that inhibits contraction. 
However, the presence of such a factor baa not been a 
consifltent finding, and its significance remains specu- 
lative (24), Contractile factors produced by the bron- 
chial epithelium include leukotrienes (23), PGFg^ (22), 
and endothelin-l (29). Airway epithelial cells produce 
a number of different cytokineB and adhesion mole- 
cules that could affect emooth muscle responsiveness 
as well (8). , . » ^ * 

This notion that the epithelium is an important 
regulator of airway tone is further supported by clini- 
cal observations in asthma. Asthma is a chronic in- 
flammatory disorder of the airways charactcriied by 
bronchial hyperreaponsivenesa to a variety of nonspe- 
cific stimuli. Tlie pathogenesis of bronchial hyperre- 
spoxxsiveneBB in aathma is unclear, but there is evi- 
dence that disruption of the bronchial epithelium may 
be a contributing factor. Indeed, alteration of the epi- 
thelium may be present even in raild asthma (27, 28X 
Furthermore, the amount of epithelial damage can be 
correlated to the degree of airway hyperreactivity (6). 

Results of several studies suggest that these inhibi- 
tory functions of the bronchial epithelium are modu- 
lated by pa-adrenergic receptors (32-AR$). The p^-AR is 
a G protein-coupled membrane receptor that acts to 
raise intracellular cAMP levels via stimulation of ad- 
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envlvl cydage (18). The receptor ie expreaaed on airway 
SSJh «uade cella where it acta to « « *e inuade 
and promote brotichodUfltion {reviewed \Q Rf f- 2)- Jjo'^ 
ever; the airway epithelium containa a high density « 
pI-AKa aa welUfi. 9, 21, 49). Althoug^i neither receptor 
autoradiography nor in eitu hybridization have local- 
ized the B,-AR8 to apecific epithelial cell types, these 
receptors have been shown to regulate ion tranaport ^7, 
38). mucus secretion (33). dUary beat frequency (10), 
and Clara cell secretory activity (36, 37). The regula- 
toij role of the epithelial cell P,->^ ^ ftirther sup- 
ported by the observation that mechanical removal of 
the epithelium from tracheal ringa decreasea the bron- 
chodilator effect of isoproterenol in vitro (14, 18, &i>- 
Thifl finding haa been interpreted to indicate that 
ft-agoniats atimulate the epitheUal releaao of relaxant 
factors that act directly on smooth musde. However, 
tWe effect haa not been conaiatently obaerved (1, 4), 
leaving the concept of a physiologically relevant Pa-AKr 
reeulated, epithelium-derived relaxant factor in eoroe 
doubt The physiological and pathophysiological signif- 
icance of epithelial cell P^-AKb ttierefore remama ud- 
dear, primarily because the effects of ep/l'ehal cell 
6,-ARfl in vivo cannot be easily differentiated from the 
Siict bronchodilator effects of Pj-Alte on airway 

smooth rouade. , . , 

In the current study, we selective^ overcTcpTeesed 
the Ba-AR in the airway epithelium of transgenic ( 
mice and examined the role that these receptors play in 
the regulation of airway tone. The use of such a tar- 
geted strategy permitted the epithelial Pa-AR signahng 
pathway to be selectively enhanced without directly 
affecting the denai^ or activity of smooth muacle Pa" 
ARb. Because the receptor is not a secreted product, we 
reasoned that the effects of epithelial cell acti- 
vation could be distinguished in vivo from those of 
other cells by comparing airway responsiveness of non- 
transgenic (NTG) mice to that of TG Clara cell secre- 
tory protoin (CCSP)-pa-AR mice. Our results showed 
that overexpression of the Pj-AR in the airway epithe- 



lium of TG mice reduced airway ««P°°^J«""*»' 
hereby supporting a role for thxa population of recep- 
tors In the regulation of airway tone. 

METHODS 

TG mice. TarB»ted expression of P'^^,i?cSP 
airway epltheUum waa achieved with the of the rat CCBP 
Soter (50). The CCSP-P,-AR tranBgene w«b <^tnp^^ 
kb Hind ra-Hind 111 fragment from the rat CCSP pro- 
moter, a l.6-kb Hind IH-PaAA 1 fregmBnt from 
&^ [1.2 kb of open reading frume (ORF) and 0.3 kb of 
??«ntrM^riated retrion (UTR)), and a O.e6-kb»o 1-BomH 1 
i^l^eSS toe SV40 small T intron and polyadenyl- 
Sr&wSS^ The figments were llgated to^^ 
fte ve^ pUCia. with the orientation of each fragment 
S^rSed by BeqvienoB analysis and restriction enryme di- 
A 4 75-kb Svt I fragment (Fig. 1) «aa then i-oU^ 
for iS^on. The DNA waa gel ponlled and dtolyzed agMnat 
TW.-HC1 (pH 7.4) and 0.1 ««M EE^ Tran.g«ne DNA 
was Injected into fertilired eggs of FVBfl>J mice and im- 
olMited into psBudopregnant females bb Iwev»"S»^>:S«»^°;^ 
?64)^^«e founder Jce were identified bv Southern blot 
M^^ysiflrf genomic DNA prepared from tail clip.. Indepen- 
Zt tow heterozygous CCSPfeAK nuce were main- 
tained by mating TG mice with NTG FVB/N ™0f 
quant sCTeening for the heterozygoiM progeny, waa byPCB 
^alvsis of the genomic DNA with a forwarf pnmer from the 
r^^S- S'5xJAaCAGAGTGGATATCAC^^^ 
vfriie primer bom the SV40 poly(A) region (6'-GTCACACCA- 
CAOAAOTAAGG-3'). Heterozygous mice from *e/i«Hit*orw ^ 
to "between the ages of 10 and 14 wk were used for all 

"^^riwiagtw exprettlon and localitation. Screening for 
CCSP-pa-AR tranagone expreMion in the lui^ was «'i«»«»'y 
done IV BT-PCR. Total UNA was exbracted fro«« frw"y 
Rotated lunga with Tri-Reagent (Molecular Research Center. 
Cincinnati. OH). An aUquot of UNA was reverw tranacnbed 
with random hexamers with murine leukemia rirusrevCTje 
transcriptase (PerkinElmer) as Pr?^9«»ly,^*"^'f*.ltr^ 
Transgene cDNA was amplified with 1«9 2,'/ 
prime? ftom the CC8F promoter (6'-CATCAGCCCACATC- 
TACAOACAaC-3') and an antisenso pnmer Prom tne 
pj^ ORF {6'^ACCAOCACATrQCCAAACAC-8'). The 



Pin I. A; Cl*rft cell ■ecnstoty protoin (CCBP)-&h-«4- 
iw^t «K»|it»r (ARi CC8P-^AR) tranmgeiw wm 
eempoMd of the rat CCSP promoter, the human ^a-AR 
op«n nading frain« (ORF), and tho SV40 amaU T 
Intron and polyadanyUdon [polyCA)] alta. UltC. uo- 
tranilated region. B\ Southern blot analyela of genomic 
DNA ftwn taU dips ahowod that th« 3 founder mice 
{liw 714 and 717) uiod to eaUbUob transgenic (TO) 
Itnea each had >40 copiea of the tranageno DNA. NTG. 
iraniranagenic. 
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PCR WM Btarted at 95'C for 120 a. followed by ainpl^*J<>^ 
for 36 cyclee at 95*C for 60 B and 60*C fot 60 a, foUowBd 1^ a 
fi^Bl B^naion at 72-C for 7 min. Th^ PGR P-oducta were 
d«^t9cted in agarose gela etained with eOiidium broimde. To 
quantitatively assQBB transgene exprMBion among tue inao- 
pendent TG Une«, ribonocleaae protection afSfyi^^?" 
formed ao previoualy reported (40) with a'^-latoel^^^^^^ 
eense riboprobe correaponding to the diatal 500 bp of a« 
human p.^AR ORF (40^^ RNA (20 and Pj-AR nb^ 
probe were hybridized overnight, digested with BNase. and 
subjected to denatured PAGE analyaxfl. The gelfl wei^ viBu- 
elixed with a Phosphorlmager (Molecular DynamiCB. Bunny- 
vale, CA) and analyzed with the ImageQuant aoftware pacK- 
age (Molecular Pynamica). 

The distribution of tranagena expresaion within the lung 
WBB aBBesaed by in aitu hybridization as prevloualy "Po™d 
(67). Tracheae and lungs were rapidly diaaected. fixed in 4% 
paraformaldehyde, cryoprotected with 30% Hucroee in PBS, 
and fronen in optimum cutting temperature compound. Uy- 
oetat aections (7 urn) were then mounted on silane-Matod 
ahdea. An antlaenae cRNA probe for the human Pa-AR was 
nrepared as described above for the nbonudeasep^oteoion 
aasaye exoept that the probe waa labeled with ^^-ITTP. A 
sense cRNA probe was prepared with SP6 polymerase for use 
as a negative control. Hybridization was performed with 
0 6-1 0 X 10® counts/min oflabeled probe in a final volume of 
30 lU/alide. After overnight incubation at 42»C, the section* 
were treated with 60 |xg/ml of RNase A and 100 U/ml of 
RNase Tl for 30 min at 37'C and washed to a final stringency 
with O.IX saline-sodium citrate at 50'C. SUdes ^^''^ *hpped 
in NTB2 emuUion (Eastman Kodak) diluted 1:1 with 0.6 M 
ammonium acetate and exposed for 2 wk, after which they 
were developed with D19 developer (Eastman Kodak) and 
counterstained with hematoxylin and eosin. 

Receptor deriBity and function. Lung membranea were pre- 
pared from individual mice by homogenizdng the entire lung 
or trachea in 10 ml of hypotonic lysis buffer (5 mM TVls, pH 
7.4, and 2 mM EDTA) containing the proteaae inhibitorB 
leupepUa, aprotinin, benzamidine, and soybean trypsin in- 
hibitor (10 jig/ml each). HomogenateB were centrifuged at 
40.000 B fot 10 ""^ at 4'C. The aupematant was removed, 
and the peUete containing the crude membrano partlculatoa 
were suspended in asaay buffer (75 mM Trie. pH 7.4, 12,6 
mM MgCla, and 2 mM EDTA). Receptor expression was 
determined by radioligand binding with l*=*^I]iodocyanopm- 
dolol (ICYP) as described (40). Adenylyl cyclase activity m 
these membrane preparations was aasesBed by a column 
chromatography method as previously reported (39). 

/Jecepfor /ocaij«irio/i. The distribution of Pa-AR expreasion 
within the lung was ftBaoBsed by receptor autoradiography 
(36). The tracheae of anesthetized mice were cannulated, and 
the lungs were inflated with tisaue embedding fluid diluted 
1:4 with PBS. The tracheae and lungs were removed as a 
biock, snap-frozen in iaopentane cooled with liquid nitrogen, 
and Btored at -60*C until further use. The tissues were 
subBequently sectioned (10 M-m) on a cryoBtat at -80*C and 
thaw mounted onto alidee coated with gelatin. Slides were 
stored at - 80*C and showed no loas of binding capacity under 
those conditions. Tar autoradiography, the alidea were al- 
lowed to warm to room temperature, after which they were 
washed for 15 min in incubation buffer (25 mM Tris-HCl, pH 
7.4, 164 mM NaClj, 1.1 mM ascorbic acid, and 0.26% 
polypep). Binding reactions were then carried out *t 37'C for 
120 min in incubation buffer containing 26 pM ^^ICYP- 
Specific binding of p,-ARa was determined in the presence of 
100 jiM CGP-20712A, a selective Pi-AR antagonist. Nonspe- 
cific binding was determined by incubation of adjacent tisaue 



flections with ^CYP in the presence (rf200 |lM (-)-iBopro- 
terenol After the incubation period, the slides were washed 
S ft>r IB min in ice-cold 25 mM Tris^HCl (pH ^ A nn^«d 
in cold distilled water to remove buffer aalte, and to^ 
rapidly under a stream of cold air. The sbdes were postfixed 
[nVa^ctmaldehyde vapor at 60^0 for 30 an^ tiien 
dipped directly in Rford K-6 emulaion After 3 days at 4 C, 
tiie emulsion was developed and fixed. Sections were 6tain»d 
with hematoxylin and examined under a Zeiss roicrMCOpe 
IJJ^pped with dark- and bright-field illummation Gnun 
countTasseBBed as optical density, were measured^tb the 
Image Analysis System (Seescan, Cambridge. U» with a 
constant magnification (x200) and corrected for background 
and nonspecific binding. The results represent the meaxui of 
nSie sepaWte fields (300 nm^/fteld) taken firom three dlff^- 
eni^k each within the NTG and TO groups (27 fields 

^^^^vot^ry function. Airway reaponBiveneaa (i.e., broncho- 
conatriction) was aBaessed aoninvasively in conscious, unre- 
strained mice with a whole body plethysmography (Buxco 
Electronics, Troy, NY) as previously described (31). WiUi this 
flvstem, the volume changes that occur during a normal 
respiratory cycle are recorded as the pressure difference 
between an animal-containing chamber and a reference 
chamber. The resulting signal is used to calculate respiratory 
frequency, minute volume, tidal volume, and enhanced pause 
(P v) P V was used as the measure of bronchoconstncuon 
and^'aa'Siculated from the formula: P^ = pause X (peak 
expiratory pressure/peak inspiratory pressure), where pause 
STS^ratio of time Jequiwd to exhale the last 30% of tidal 
volume relative to the total time of expiration (20). Mace were 
placed in the plethysmograph and the chamber '^f 
brated for 10 min. Tbey were exposed to aenw oUied PBS (to 
esteblish baaelme) followed by incremental doses of metha- 
choline (1-640 mg/ml). Each dose of methachoUne was aero- 
solized for 2 min. and respiratory meafluremonts were re- 
corded for 2 min aftenvard. During the recording period, an 
average of each variable was derived firom ©very 30 breaths 
(or 30 B, whichever occurred first). The maximum PmbValue 
after each dose was used to measure the extent of broncho- 
constriction. On a separate day, the mice were submitted to 
the same protocol except that they were first treated witii 
aerofloUxed albuterol (1 mg/ml) for 20 min. The concentra- 
tion-response data for each mouse were fit to a curve by an 
iterative least squarea technique, and the dose of methacho- 
line required to increase P^^^ to 200% of baseline (EDaoo> was 

Ozcm $xpo8ure. Mice were exposed for 4 h to filtered room 
air containing 0.75 ppm ozone in a 0.32-ra* stainlaas steel 
inhalation chamber that was capable of complete atr ex- 
change every 2 min. Zhao et al. (60) have previously shown 
that this level of exposure does not result in inflammation or 
structural lesions. Ozone was generated from 100% extra-dry 
oxygen (Matheaon. Columbus, OH) with a model Vl-0 ultra- 
violet ozonator (OREC, Phoenix, AZ), and its concentration 
was measured continuously with an ultraviolet photometric 
ozone analyzer (model lOOS-PC, Dasibi Environmental, 
Glendale» CA). This inatrument has an internal calibration 
system and was routinely checked and calibrated against a 
US Environmental Protection Agency transfer standard. The 
status of the mice and the concentration of ozone were 
checked hourly throughout the exposure period. was 
measured by whole body plethysmography for 2.rain inter- 
vals at 6, 16. 30, 46, 60. 90, and 120 min after ozone exposure. 
MethachoUne diallenge testing was performed 6 and 24 h 
postozone exposure with the protocol described in Pulmonary 
function. In studies carried out to characterize the increase in 
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thftt WB obBenred in NTO mice <»*?'^, *'?*^rf; 
were pretreated with either aerosohied albuterol or 
Sine AlCl (1 mg/«I) markedly «duced ike ncreaee 

1 26^0 07 with Blbuterol; n = 4 ammalfl; P < 0.08). TbeM> 
reaults coofinned that bronchoBpaam atcouiited for moet. 
although not all, of the increase in P.^that 
after Mpoauro to oione. In contraat, atropine (O.fi njg/ml) had 
little or no effect «20% reduction, which was not eipuficant) 
on the oiona reaponae of NTO mice, coneistent wtth a muu- 
mal role for cholinergic mechaniema in mediating the acute 

ozone-induced bronchospaein. 

Brvnehoaheclar lavage ftudUs. To perform broacboalveo- 
lar Uvaao (BAL), mice ware killed by a lethal uyoction ot 
nentobarbltal aodium and oteanguinated via transect^ of 
abdominal aorta. The tracheae were then wpoaed and 
cannulated with a polyethylene catheter. BAL waa per- 
formed by instilUng 1 ml of PBS wanned to 37*0. The avage 
fluid waa allowed to dwell for 6 min, aftw wh«* '* 
withdrawn by genUe aspiration. The ypical flwd return waa 
-0.8 ml, with no difference observed between the TC ana 
NTG mice. The BAL fluid was contrifuged at 1,000 g for IQ 
min at 4*C to remove cella, and the resulting aupematant 
was frozen end stored at -80*C until further uae. Leveta of 
pGEo in BAL fluid were measured by a colonmetnc eniyme 
immunoassay from a commercial kit (Ameraham Phennacia 
Biotech, RscaUway, NJ). Duplicate saraplee (60 nD from 
each BAL specimen were assayed directly in » 2?"'"'^ i 
Optical denaity was read at 4B0 nm. The PGE, content of 
each sample, meaaurod in triplicate, was detemmad from a 
rafereaee curve of known PQE, atandarda. NO intent in 
BAL fluid was determined by a spectrephotomefric method 
based on the Grieas reaction to measure nltnte (BO), lo 
enzyroatically reduce BAL fluid nitrate to nitrite, iamplj; 
wore first incubated with 80 UA of nitrate redoctaae, 1 (xM 
NADPH, 0.6 mM gluco«e e-phoapbate, and 160 U/l of glucow- 
6-phoaphate dohydrogenaae for 3 h at M'C. The (50 
U.I) was mixed with 60 lU of 1% sulfanilaroide in B% 
and 60 t^I of 0.1* JV.<l-napthyl)8thyleoediBmine. After incu- 
bation for 10 min, absorbance was read at B60 mo. The 
nitrite content of BAL aamplea wM eubsequently wlcolated 
from a reference curve that was generated from the absor- 
bance values of sodium nitrite standards. The nitrite concen- 
tration for each aample was determined from the mean of 



dupUeate meaaurements. To standardiie BAL «>»ven^, tho 
urea content of BAL fluid was determined with a colorimetnc 
M^^sSma. St Louis. MO). The manufacturer's protocol 
w^oK ««ept that sample size was increased to M 
and total reaction volume was reduced to 1 These 
^nditiSna provided for a linear calibration curve Aliquots 
from each BAL aample were measured ui duplicate. 

Statistical analytis. Data are reported asmeans ± Sfc. 
Statistical comparisons between NTG end TG groups were 
pSiS with a two-tailed Student's f-test For the whole 
gSy plethysmography stupes, the effect of apven treat- 
ment within the NTG or TG group was aasesaed by patr^ 
analysis when appropriate, Differences were considered Sig- 
nificant at the P < 0 06 probability level. 

RESULTa 

CCSP-Ba-AR founder mice were identified by Soutti- 
ero blot wjalvBls of genomic DNA with a cDNA probe 
cS^SpoSding to the SV40 polyJA) f 
tranagene. The tranagene waB detected in 3 of 36 mice 
initiaJly ecreened. Theee founder n^i™.^"!!^ 
lines 714, 7J7, and 72j. were mated with NTG FVB/N 
mice to generate heterozygoua offcpnng. (Jenotypic 
juialyeia of the progeny showed that the transgene was 
inherited in -50% of the progeny, with equal 
tion between males and femalee. Quantitative South- 
em blotting ehowed that heterozygoua mice from Itnea 
714 and 717 contained -40 copies of the transgene 
(Fig. 1), whereas line 721 contained <5 copies (data not 

Expreeeion of the CCSP-pj-AR tranBgene was ini- 
tiany confirmed by RT-FCB. Total RNA prepared from 
whole lung homogenatea was reverflc transcribed and 
subjected to PGR with a forward primer from the CCSF 
promoter and a reverse primer from the Pj-ARORF. As 
shown in Fig. 2A, only mice with poBitive genomic 
ecreene were found to expreBS the transgene mRNA, 
No PGR products were detected in the absence of re- 
verse transcriptase. CCSP-Pa-AR transgene expression 
was quantitated by ribonuclease protection assays 
(Fig. 2BI For these studies* total cellular RNA pre- 
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f ig, a. Tranegoiw expiwioA in CCSP- 
Pa-AR mice. A: oxpreflalon of the trene- 
g«ne was acreened fbr by RT-PCR with 
a aeoM primer from the CCSP promoter 
and aA antUeusa prLmar firom the 
ORT. PGR products were detected in 
tba praancfi (+) but not in the ab*exica 
(-) of RT. Bi quantitatioQ of traiugana 
expreaaion waa done by rlbonucl«&M 
protection afliayi with an antiMiiM ri' 
boi^ba ipaciac for the human ^g-AR. 
Fhoiphortmage ancdyaU of the ffela 
ahowed that tranagene axpi^finim be- 
tween tinu 714 and 727 waa not differ- 
ent and wafl (preater than ezpresBioD in 
liM 721. No «igdal wae preaeut In lung 
RNA from NTG mioe. Noa. at l^, no, of 
bp. 
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pared from whole lung homogenates was hybndia^^^ 
with an antisense riboprobe corresponding to the oiecai 
500 bp of the human p^'AR OBF. Because thie region 
has only -70% homology with the mouse gene, the 
riboprobe does not protect the endogenous moufle tran- 
script from RNae© digestion. Therefore^ the fuU-lengtn 
protected fragment (Fig. 2B;Rrrow) was only Retorted 
\n mice expressing the CCSP-^a-AR transgene. With 
this technique, we found that transgene expresBion m 
the lunge of mice from lines 714 and 717 was equiva- 
lent and much greater than that of line 72L The two 
higher expressing lines were subeequently propagated 
for further studies. 

After confirming that the p^-AR transgene could be 
detected in whole lung RNA, we next used in eitu 
hybridization to assess ita distribution within the lung. 
With the human-specific Pg-AR riboprobe, we found 
that transgene expression in the CCSP-p^-^ mice 
was limited to the airway epithelium (Fig. 3A;. Wo 
specific binding was observed in lung sections from 
NTG mice (Fig. 3B). Similarly, no specific binding oc- 
curred in either CCSP-pa^AR (Fig. 3C) or NTG (data 
not shown) mice when probed with the sense nboprobe, 
A previous study (6) has demonstrated that >90% 01 
all pa-ARs in the lung are localized to the alveolar walL 
Because the human TG receptor cannot be d^nfre™: 
ated from the endogenous mouse receptor with p-AK 
radioligandB. we anticipated that receptor overexpres- 
Bion in one population of cells (i.c*, those of the bron- 
chial epithelium) might go undetected in receptor bind- 
ing studies with membranes prepared from whole lung 
homogenates. Indeed, our initial radioligand assays 
with "^ICYP showed no difference in pa-AB density of 
membranes prepared from CCSP-pa-AR lunga or tra- 
cheae versus those prepared from NTG mice. Analysis 
of adenylyl cyclase activities in these membranes also 
showed no difference, We therefore used receptor au- 
toradiography with "'^ICYP to establish that the re- 
ceptor protein was overexpressed in the airway epithe- 
Uum. To specifically assess pz-AR density, CGP-20712A 
was included to inhibit *^'ICYF binding to the PrAR. 
Compared with NTG mice, CCSP-pj-AB mice had in- 
creased grain density over the bronchial epithelium 
(Fig. 4, A and Grain counts over the airway epithe- 
lium of the TG mice were approximately twofold 
greater than those of the NTG mice (1.07 ± 0-07 vs. 
0.5d ± 0,04 optical density, respectively, P < 0.06), No 
difference in grain density was observed for other lung 
structures (bronchial smooth muscle, alveoli, and ves- 
bbIs), indicating that receptor overexpression was con- 
fined to the airway epithelium. (-)-Ieoproterenol in- 
hibited ^"ICYP binding in both NTG and CCSP-PrAR 
mice (Fig. 4, C and D, respectively), confirming that 
binding was due to the 32-AR. 

Long-term observation of CCSP-Pa-AR TG mice (up 
to 20 mo) showed that epithelial cell overexpression of 
the P2-AR was not associated with increased morbidity 
or mortality. CCSP-pg-AR mice develop and grow nor- 
mally compared with their NTG littermates. The gross 
structural anatomy of the lungs of CCSP-Pa-AR mice 
was unremarkable. Examination of hematoxylin and 




Fig 3. DletritMticmof tjanBgePBftxpiwioi>iBCC8P-eg-ARimc«.lii 
«itu hybridlifttUm of firtacn hittff lectiwui wm jwrtorinwl with a 
»S-UTP-labeled human ^-AR riboprobe. D*rk-fleld photoifrftpha of 
sBctiMLA couiiterfltftincd with hftmatoKylin and eovin *r« ahown. AJ 
aection of « brocchui from ft CCSP-Pa-AB TG ibmim hybrldiwd with 
the antlMnse ribojwohd. L, luro^o. Specific hybrldlMtion (www) ww 
prea^t ovcT the ftlrway •pithelium (E) but not over the uiwUriying 
cBrtiUge (C) or imooth muflcU (M). B: no ■pecifl* ilgnal ww 
in NTG JwE B^iCM hybridiiBd with the seme probe. C: aiimlftrty. 
no Blgnpl was preient when CCflP-Pa-AR liin« •ectioni wum hybnd- 
ised with A 3a*AR Mnse probe. 



eoain-Btained lung aections showed no hirtological ab- 
normalitiea (Fig, 5, A and Dl Additional ataining with 
MasBon's trichrome showed no evidence of increaacd 
collagen deposition (Pig. 5, B and E)^ and staining with 
Alcian blue showed no differences in the number of 
mucus-secreting cells (Pig. 5, C and F), Remodeling of 
the lung, at least as detected by these techniques, did 
not occur in CCSP-pa-AR mice. 
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Fig. 4. LocaUiation of P^AR oxpre»«ion by re- 
ceptor Butorftdiograi»hy. Froten luns »ecttaDB 
from NTG CA-O and CCSP-^a-AR {D-D nuce 
wvre iocubatcd with ("'^lUodocyanopindolol 
tICYP) in the preDWice of 100 \iM CGP-20712A. 
Dark-field examination showed that graiu den- 
flity over the airway epithelium (Ep) of CCSP* 
fta-AR mice CD) waB greater than that of NTG 
mice (A). However, no differenccfl were observed 
for amooth muade. Itjronchlal veeaela (Bv), or 
alveoli lA). BrOftchi (Br) and aurrounding lung 
fltructuroB are shown in bright-field photomi^ro- 
grapha of sectiona counteretained with hematox- 
ylin (B and E). Addition of 200 ►^M (-)-iaoproter- 
enol inhibited ^"ICYP binding to lung gectiona 
from both NTG (C) and CCSP-PrAR IF) mice. 




To examine the potential effects of targeted epithe- 
lial cell Pa-AR overexpreesion on airway responsive- 
ness, we raeaaured methacboline-induced bronchocon- 
Btriction in vivo bo that the integrity and ftinction of 
the epithelium could be maintained* For theae experi- 
ments, we need whole body plethyamography to mea- 
Hure Penh. « derived parameter that ha» been shown to 
correlate highly with airway resiatance as meaeuredbjr 
invasive methods (20). ConeciouB, unreetrained NTC 
and CCSP-3a-AR mice were exposed to incremental 
doses of aeroeolized methacholine for 2 inin followed hy 
recording of rcBpiratory parameters for 2 mm. As 
shown in Fig. 6, the CCSP-Pa AR mice required higher 
doses of methacholine to induce a chemige in P„h co"Q- 
pared with the NTG mice. The EDsqq for methacholine 
In CCSP-Pa'AR mice was approximately twice that of 
NTG mice (345 ± 34 vs. 167 ± 14 mg^ml, respectively; 
P < 0.01; n = 10). These results therefore indicated 
thatoverexpresaion of the Pg-AR in bronchial epithelial 
cells afforded protection against cholinergic-mediated 
bronchoconstriction in vivo. To confirm that this eflFect 
was the result of Pa'AR activation. NTG and CCSP- 
Pj-AR mice were treated with the (J-antagonist pro- 
pranolol (0.6 g/l in the drinking water) for 6 days. 
Afterward, the mice were exposed to 160 mg/ml (the 
EDaoo for NTG mice) of aerosolixed methacholine. The 
P«ih value for the 160 mg/ml concentration before pro- 
pranolol treatment was then compared with that after 
treatment. For NTG xnice, the P,^ value before pro- 



prancdol treatment (1.66 0-12; n - 10) was not 
different from that aOer treatment (1.49 ± 0.35; n = 9). 
In contrast, the P.^h of untreated CCSP-pa-AR mice 
increased significantly after treatment with proprano- 
lol (0.99 ± 0.10 v8. 1.72 ± 0.33; P < 0.03; n =- 10 and 7, 
respectively). , * . j- 

The results of the aforementioned experiments indi- 
cated that the CCSP-P2-AR TG mice were hyporeepon^ 
sive to methacholine and that this eifect was specifi- 
cally mediated rather than an artifact of transgene 
insertion in the genome. Our next goal was to assess 
whether the in vivo response of CCSP-P3-AR mice to 
B-agoniste was also different from that of NTO mice. 
For these experiments, NTO and CCSP-P3-AR mice 
were pretreated with aeroBolized albuterol (1 mg/ml) 
for 20 min before methacholine challenge. Figure 7 
shows that albuterol caueed a rightward shift in the 
methacholine dose response of NTO mice, increasing 
the ED300 from 167 ± 14 to 388 ± 68 mgfml (P < 0.01; 
n = 10). Of note, the EDaoo value for the albuterol- 
treated NTO mice was not statistically different from 
that of the untreated CCSP-pj-AR mice. In CCSP- 
flo-AR mice, pretreatment with albuterol also raised 
the ED200 for methacholine (345 :t 34 to 46fi ± 62 
mg/ml; n = 10), but this difference was small and did 
not reach significance. Thus in these mice, epithelial 
cell overexpression of the Pj-AR was as effective as 
inhaled albuterol that acts on both epithelial cell and 
smooth musde cell receptors. 
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Flff. B. HwtologiCBl BHBlysli of CCSP-pa-AR nnce. The tistolop of 
mc iJ^S-C) was compared with that cf TG mice (D-JO. Stainlog 
with hematoxylin and eo»io CA and D), M^-od^i t^^'^^gJS^^^' 
BDd Alcian blue (C and showed no differtmccB between NTO and 
CCSP-Pa'AR I»ic6. 



We next examined whether the acute response to 
ozone wae altered in CCSP-Pa-AR mice. For these ex- 
periments, NTG and CCSP-Pa-AB mice were exposed 
to 0.75 ppm ozone for 4 h. measured at 

frequent intervals during the initial 2-h postexposure 
penod. Afl shown in Fig. 8, P„h immediately increased 
to 77% over baseline in NTG mice and then remained 
significantly elevated for 1 h after exposure (P < 0.05). 
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Pie. 7. Bffact of P-agDnirtB 00 airway re«pon«v«nMB in NTG and 
CCSP-(K.-AR mice. Mice were pretreated with ^l^^^f^^^^^^^^^ 
(1 mjmi) for 20 min before methachol^e dbaUange. Data are 
maanfl 2: SE from W micn^group. Compa*«d with bai«hiw, *?wtoPa 
^^"b^ the methachoiinrED«>o in NTG mice to 886 Sf^^^^ 
(P<0 01). In CCSP-p^AR, tho methachollne EDaoo mcreaMd to 
455 * 62 agtol, but the dlff«it»nce was DOt wtfAificant. Tho po-tal- 
buL;;i mGthacboline Ep,«, values for NTO and CCSP-PrAR n»ce 
wet« not Blgnificandj different. 

In contrast, CCSP-Pa-AB mice showed no increase in 
P^h during the same time period. 

To assefls whether the extent of ozone-injhK^ hy- 
Derresponsiveness was also affected in CCSP-Pa-AK 
mice, methacholine challenge testing was performed 6 
and 24 h after ozone exposure. Ozone-induoed^^ 
hyperresponsiveness was observed for both NTG end 
CCSP-02-AR niice (Fig. 9). Compared with the ^ 
ozone valuefl, the £0^00^^ Ttl 
ozone exposure decreased from 157 ± 14 to 56 ±12 
mgtol tP < 0.01} in NTG mice and from 345 ± 34to 
143 i 36 mg/ml (P < 0.06) in CCSP-Pa-AR ^^ ^^ 
postexposure EDjoo for methacholine for the CCSP^ 
B«-AR mice remained significantly greater than that of 
the exposed NTG mice (P < 0.05) and, in fact, was not 
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Methacholine (mQfm\) 

Pig. e. In vivo aaaeaament of airway rtiponBlveaaao to mathaeholiDe. 
MethacboUne-induoed brgnchoconatriction wan aBaeafled in consrioua 
NTG and CCSP-Pa-AR mic« with the uae of whole body plethyamog- 
raphy to meaaure eohancod pause iT^), ED^oo^ dose required to 
tncreaae P^ to 200% of baaeline. The methacholine doae^reBponae 
curve of the CCSP-3a-AR mice wafl ahifted fllgniflcantly to the right 
compared with that of the NTQ nxico. Valuaa are roeana ± SE of 
meaaurementa from 10 mice/group. P < 0.01 for EDaoo vbIuob. 
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Pig 8. In vivo aaBetament of airway reaponaiveneaa to MOne, NTG 
and CCSP-3a-AR mice were exposed to ozoae aa dcacribed in mfph- 
oce, and wa* raeaauTBd by whole body plathyBmograpby at the 
indicated time pointa after cxpoaure. Data for each time point are 
meana £ SE of meaeurementa from 10 mice. Corapared with baee- 
Une, P^ increased acutely in NTG mice <6 min) and nmained 
elevated up to 1 h (•? < 0.06). In contrast, no increaae in P^ 
occunred in the CCSP-^a-AR mice. 
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FiK 9. Airway rBBcUvity pfter ownc- MethachoUne challenge waa 
perfbrmed i» NTO CCSP-^p-AR m«* 6 and 24 h «^ 
extXMure. and an EDft«» was calculated for eadi mouw, "J 
SSSb ± SE of 10 mic^up. The meth^bolin. ED^ n«a«ured 6 h 
after o.onc decrea-^ from 167 i 14 to 56 * 12 mg^ml ^< 0 01) m 
NTG mice and from 345 ± 84 to 143 - 35 (P < 0.06) m (XlSP-PrAR 
mice The BDioo for i»one-t™ated CCSMrAR wa> significantly 
Sfferant W Oiat of nonexposod NTO mict. At 24 h poatexpoauxe. 
hyperreapoDBiveneBS to methacholine had reaolvBd m both groups. 

dififerent from that of unexposed NTG mice. However, 
this may have been due to the differences m basehne 
P^i, rather than differences in hyperreactivity per se. 
Otone-induced hyperreBponeiveneBs was transient in 
both groups of mice (Fig. 9). By 24 hpoBtexpoaure, the^ 
EDaoo for roethachoUne increased to 183 ± 26 n^»(=?l jn 
the NTO mice and to 265 i 46 mg/ml in the CCSP- 
Bo-ARmlce. , _ . , 

The resultB of the whole body plethysmography Btoa- 
ies showed that CCSP-Pa-AR mice were less responsive 
to methacholine and ozone than were NTG mice. To 
address the posaibility that these effects were due to 
the release of hronchodilator eubstances by the bron- 
chial epithelial cells, we measured the concentration of 
two candidates, PQE3 and NO, in BAL fluid. For these 
measurements, mice were lavagod with 1 ml of PBS 
that was allowed to dwell for 6 roin- In another group of 
mice, 10^' M isoproterenol was added to the lavage 
fluid 60 that the response to p-agonists could be as- 
fieased. PGE3 levels in the BAL fluid from NTG (0.56 ± 
0.16 ng/mi) and CCSP-pa-AR (0.66 ± 0,07 ngtal) mice 
were not different (Fig. lOA). Addition of I pM isopro- 
terenol to the lavage fluid had no effect on PGEj levels 
in BAL fluid from either group even though cAMP 
content in the BAL fluid was approximately four times 
greater than that in the untreated samples (data not 
shown). Likewise, basal levels of nitrite in BAL fluid, 
as measured by the Griess reaction, in NTG (1.06 ± 
0.16 M-M) and CCSP-Pa-AR (1.35 ± 0,11 |xM) mice were 
not different (Fig, lOB). Exposwe to isoproterenol had 
no effect on nitrite content in the BAL fluid from either 
CCSP-Pa'AR or NTG mice. Normalization of POE2 and 
NO meaBurements to either urea or protein had no 
impact on the restilts. 

DISCUSSION 

The Pa-AR ie present on many different cell types 
within the lung, including airway epithelial cells. In 



vitro studies (14, 16, 51) have demonstrated t^^ 
airway epithelium can modulate bronchial tone and 
that thifl interaction may be at least partly regulated 
by the 6a-AR signal transduction pathway. However, 
the physiological and potential pharmacological signif- 
icance of epithehal cell ps-ARs have remained ques- 
tionable, largely because of the inability to differentia 
ate their effects in complex in vivo models from tboseof 
B,-AKa on other cell types such as airway smooth 
muscle. In the current study, we have attempted to 
address this issue by overexpressing the P^-AR epeat- 
ically in epithelial cells, but not in smooth muscle cells, 
in the airways of TG mice Increasing ttie «<PreB8ion of 
ftfl-ARs has been shown in both cell (17) and TO (41, 64) 
models to increase basal signaling in a manner identi- 
cal to that evoked by agonistfl. In transfectad Chinese 
hamster fibroblasts, Green et al. (17) observed a direct 
correlation between receptor density and basal ad^ 
nylyl cyclase activity. Furthermore, a mutant p^-An 
that exhibited decreased agonist-stimulated adenyly 
cyclase activation had proportionately decreased basal 
lovds of activation as weU (17). Similarly, Turki et al. 
(54) and others (41) have shown that TO mice ovcrex- 
presBing the p^-AB in the heart ^^''^ ^-^J^V^^ ^^^^ 
adenylyl cyclase activities relative to their NTO litter- 
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Fig. 10. PGEa and nitric oxlda (NO) contcat in broochoalveolar 



rig. lu. rvrlia ana juvnc omoh m^-^/ wuraMf — *«w«mw™.,*«-. 
(BAL) fluid from NTG and CCSP-pa-AR mice. A: PGEg content waa 
measured with an eniyme immuDOaaaay. Data are meana ± SE of 
duplicate TOeaauromenta from 4 diflferent mice/group. PGE» lavela in 
BAL fluid from NTG and CCSP-Pj-AR mica war* not difftrent. B'. 
total nitritf eontant wae meaaured the GrlasB raaetion after 
enzymatic convowion of nitrataa (aao jatfiin.TB). Data ara maani z SE 
of duplicata meaaurementa from 4 different miDe/graup. Nitrite con- 
tent in BAL fluid ftx>nj NTG and CC?SP-Pa-AR mice waa not different. 
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mates. Various modeling techniques have shown thirt 
the increased basal signaling that occurs with Pa'AK 
overexprcssion ia due to spontaneous conversion of 
^S^r7to ?he active (R») confonnation (46). Thus by 
selectively targeting expression to a specific ceH type, 
one has the capability to distinguish the effectCs) of 
B,-AR activation in cell types that are anatowicaUy m 
dose proximity and otherwise not amenable to selec- 
tive activation by agonists. 

With the use of this strategy, our results revealed 
that a^-AR activation in Clara cells had a striking 
effect on bronchomotor tone as assessed ui vivo by 
whole body plethysmography In response to the m- 
haled bronchoconstrictor methachohne, CCSi;-P3;AK 
mice were significantly lees reactive than Uieir NTO 
littermates. Remarkably, the degree of protection af- 
forded to the CCSP-p2-AR mice was the same as that 
achieved by inhalation of the p-agoniat albuterol in 
NTG mice. Although there was a trend toward m- 
creased protection in CCSP^Pa-AJR mice^ated w^^^ 
albuterol, suggesting that epithelial p^-ARs act in an 
additive fashion with smooth muscle Pa-ARe to bron- 
cbodilate. the difference did not reach significance. 
These data suggest, then, that epithelial cell Pa-ARa 
can have a substantial impact on airway smooth rous- 
de responsiveness and are thus indicative of a re^ 
aponse not previously quantifiable. 

The protective effect of pa-AR overexpresaion was 
not limited to roethachollne because the acute response 
to oione was also reduced. Unlike methachohne, ozone 
does not pass beyond the epithelial layer (45) and 
therefore does not act directly on airway smooth mus- 
cle. Instead, the effects of ozone are due to ozonation 
and oxidation of proteins and lipids in the epithelium 
and epithelial lining fluid that either act directly as 
bronchoconstrictors or lead to the production of other 
bronchospastic substances (reviewed in Ref, 32). Ozone 
caused an acute increase in Penh ^TG mice that 
persisted up to I h after exposure. In contrast, Peuh was 
unchanged in the CCSP-Pa-AR mice over the same 
time period. Because P^^h parallels measures ^^f^^ 
resistance, the acute response in ozone-exposed NTU 
mice could conceivably be due to edema from inflam- 
mation^ mucosal damage, or frank mucus plugging. 
However^ several lines of evidence indicate that bron- 
chospasm was the primary component. First, sponta- 
neous resolution was rapid «2 h). Second* the re- 
sponse was markedly attenuated by the p-agonist 
bronchodilator albuterol Third, mice exposed to these 
concentrations of ozone showed no evidence of cellular 
inflammation, edema, or plugging for up to 4 h after 
exposure (60). Furthermore, it would not be expected 
that edema and mucus plugging would be readily re- 
versed by a smooth muscle relaxant. Taken together, 
these findings indicate that smooth muscle contraction 
is the m^jor contributing factor that accounts for the 
postozone increase in P^^h- The protection afforded to 
CCSP-Pa-AR mice was therefore effective against two 
different bronchoconstrictors (ie., methacholine and 
ozone). These bronchospastic agents appear to act 
through different mechanisms because the anticholin- 



ergic agent atropine had little effect on the ¥^ re- 
sponse afl»r ozone. , 

EpitheUal cell PrAR overexpression did not, how- 
ever, prevent the development of ozone-mduced airway 
hyperresponsiveness. The BDaoo for methachohne 
measured 6 h after ozone was 36'^^of baS^A^r® i 
NTG mice and 41% of basal level in CCSP-Pj-AR mice. 
The relative protective effect of Pa-AJl overexpression 
was maintained, though, because the EDaoo for the 
ozone^xposed TO mice was still signiflcanUy less than 
that for the treated NTG mice. In fact, the EUaoo 
ozone-exposed CCSF-p^AR mice was not different 
from that for unexposed NTG mice. CCSP-PrAH mice 
were therefore protected in the sense that their re- 
spouse to methacholine after ozone was submaximal. 

As mentioned earlier, airway epithelial cells could 
regulate airway responsiveness through one or more ot 
several different mechanisms. Overexpression of the 
fi^-AR in airway epithelial cells could have caused 
chronic remodeling of the airways. However, histolog- 
ical analysis showed no structural alteraUons m the 
airways of the CCSP-pj-AR mice, and the protection 
afforded to the TG mice was inhibited by short-term 
treatment with propranolol. Clara cells also have en- 
zymatic activity (e.g.. acetylcholinesterase) that could 
Twtentially be upregulated by Pa-AR activation and 
5ius limit the response to an agent such as methacho- 
hne. However, the observation that CCSP-pa-AR nuce 
were also protected against ozone-induced broncho- 
spasm (which was noncholinergic) suggeets the pres- 
ence of a generalized pathway rather than one specific 
for a given agent. ^ ^ u ^ 

The bronchial epithelium is the source of a number of 
substances that may directly affect airway smooth 
muscle tone. We therefore considered the possibility 
that activation of epithelial cell Pa-ARs stimulates the 
release of a relaxant factor. The two candidates we 
chose to consider were PGEa and NO because both are 
known to relax airway smooth muscle (IX, 62) and both 
are produced by Clara ceUs (30, 48)* To investigate 
whether either of these substances could account for 
the inhibition of bronchoconstriction in the CCSP- 
Bo-AR mice, we measured the content of PGE2 and NO 
in BAL fluid from NTG and CCSP-Pa-AR mice. Evalu- 
ation of this fluid showed no differences in the levels of 
PGE2 or NO, suggesting that neither agent was con- 
tributing to the protective effect of Pj-AR overexpres- 
sion. However, epithelial release of these mediators 
may be primarily directed toward the serosal surface 
(25, 34) and therefore underestimated in BAL fluid. 
Thus we cannot conclusively exclude POBj, NO, or 
other factors as mediators of the epithelial cell P2-AR- 
mediated relaxation at this time. It is also possible that 
overexpresaion altered the production and relcaae of 
Clara cell secretory products that in some way modify 
airway compliance or reactivity* p-Agonists have pre- 
viously been shown to increase the secretory activity of 
Clara cells (37). An increaee in such a component of the 
epithelial lining fluid could thus potentially act to Umit 
the effect of methacholine and ozone by stabilitation of 
the airways, making them more resistant to closure. 
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Baseline lung function and histology, however, were 
not different in the CCSP-prAR TG mice, auggeating 
that this Bceixario ie unlikely. 

Regardless of the mechanism, our findiDgs ^clearly 
show that overexpression of the Pa-AR in epithelial 
cells modulates airway responsiveneae to contractile 
agents. Previous ex vivo studies that used airway ring 
preparations have been inconsistent in demonstrating 
a modulatory role for the epithelial cell pa-AEe. This 
may be due to the fact that the bronchoactive sub- 
stances have direct access to airway smooth muscle via 
the exposed serosal surface, thus potentially bypassing 
protective effects of the epithelium. Furthermore, me- 
chanical removal of the epithelium may introduce ar- 
tificial confounding variables caused by mast cell de- 
granidation (15). Because our goal was to assess the 
physiological relevance of this pathway on airway re- 
sponsiveness in vivop we assessed bronchoconstriction 
with whole body plethysmography to menaure Penh' 
P„rtii is a derived measure of bronchoconstriction that 
has been shown to strongly correlate with airway re- 
sistance as measured by traditional invasive methods 
(20). Whole body plethysmography also permits assess- 
ment of airways distal to the trachea (20). This is 
particularly relevant with regard to the CCSP-pa-AR 
mouse because Clara ceUs comprise up to 60% of the 
epithelial cells lining Uie terminal bronchioles of mu- 
rine airways (43, 44). Furthermore, at least two studies 
(61, 5fl) have demonstrated that the effect of epithelial 
cell pa-ARa varied among different airway generations, 
with their effect being most pronounced in the smaller 
airways. 

In summary, we have found that TG mice overex- 
pressing p^-ARs in airway epithelial cells exhibit de- 
creased responsiveness to methacholine and ozone. Al- 
though the mechanism by which this protection is 
afforded is unclear, these findings show that the bron- 
chial epithelium ie capable of modulating airway tone 
and that this interaction is at least partly regulated by 
p3-ARs present on these cells. Furthermore, the effect 
of epithelial cell P^-AR activation is disUnct from the 
effects of Pa'AR activation in other lung cell types. The 
ii^bition of bronchoconstriction in TO mice overex- 
pressing the 3a-AR in the airway epithelium suggests 
the intriguing possibility that delivery of this gene in 
vivo could be used in the management of bronchospas- 
tic lung disease. 

Thift Atudy wAA ftind«kd by NatlQUQl H^art, Lu3\g» and Blood Insti- 
tuta Cruiti HL-4S967, Hl^414M, aad HL.54829. 
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The accessibility of the airway epithelium and the limita- 
tions of current treatments for asthma make the disease 
a logical target for gene therapy. Study of the Immuno- 
pathology of chronic airway inflammation has recently 
identified several pathways that lead to the maladaptive, 
antigen4nduced polarization of CD4+ T cells to a type-2 
phenotype. This polarization is thought to lead to IgE 
production and eosinophil recruitment and activation 
that is assodated with epithelial cell Injury and airway 
hyper-reactivity. Cene transfer to the bronchia) epithe- 
lium has been used In experimental models to redirect 
these pathways toward a less injurious, type-1 pheno- 
type. This minRevlew highlighU recent mechanUm- 
based immunomodulatory and supportive gene transfer 
approaches to treat animal models of asthma. Although 
substantial hurdles to airway gene transfer remain, gene 
transfer offers the possibility of interrupting the patho- 
physiology of airway inflammation. Doing so can be ex- 
pected to yield long-lasting protection from broncho- 
spastic challenge and reduced dependence on inhaled 
and oral medications. 

Key Words: gene therapy, asthma, IFN-y, p^- 
adrenerglc receptor, airway epithelium, Thl, Th2 



Asthitw is a global health problem that results from a 
complex interplay between genetic and environmental 
factors. Inhaled p-adrenergic agonists and steroid treat- 
ments are effective, but are costly, and require daily dos- 
ing and depend on patient compliance and coordination. 
Extensive studies of the pathophysiology of chronic air- 
way inflammation and reversible increases in airway re- 
sistance have uncovered maladaptive immunologic path- 
ways that might be countered by gene transfer. Such 
tbetapies could be long-lived and might overcome the 
limitations of oral and Inhaled medications. Numerous 
studies of gene transfer to the lung for purposes of mod- 
ulating the mechanisms responsible for asthma have both 
Improved the understanding of asthma and have raised 
the possibility of effective human gene therapy for this 
disease. 

The Pathophysiology op Allergic Asthma 

Most of the data used to explain the phenotype of asthma 

have come from genetically engineered mice. These stud- 



ies have produced a complex mechanistic model of aller- 
gic airway inflammation that has been reviewed in depth 
elsewhere [1], Briefly, inhaled "aero-antigens" are taken 
up by airway dendritic cells that migrate to bronchial 
lymph nodes where they mature into immunostimula- 
tory cells capable of efficiently presenting antigen to T- 
helper (CD4^) cell precursors. The cytoldne balance in the 
node detennines the fate of these precursor cells. If IL-X2 
predominates, then precursor cells become type 1, 
T-helper cells (Thl) that produce IFN-7, IL-2, TNFa, and 
lymphotoxirH- collectively referred to as Tin 1 cytokines. 
Conversely, if IL'4 predominates, CD4"*' precursor cells 
become type 2, T-helper cells Crh2) that secrete lL-4, IL-S, 
IL-9, and 11-13. These Th2 cytokines cause recruitment of 
eosinophDs to the airway. Binding and subsequent anti- 
gen-dependent cross-linking of IgE bound to FceRI recep- 
tors on eosinophils results in eosinophil activation and 
degranulation. Local release of mediators from eosino- 
phils such as Major Basic Protein (MBP) cause injury to 
the airway in the form of epithelial cell sloughing, in* 
creased mucous production, and airway hyper-reactivity 
(AHR), Long-standing inflammation leads to subepithelial 
fibrosis and smooth musdc hypertrophy and hyperplasia 
that exacerbate AHR and, in some cases, irreversible in- 
creases in airways resistance. Each of these steps may be 
amenable to interruption or modulation for therapeutic 
purposes. An unexplained aspect of this model is the 
nature of the genetic and/or environmental influences 
responsible for Inaeased IL-4 levels and abnormal polar- 
ization of the immune response toward a Th2 phenotype. 
Recent explanations drawn from comparisons of the prev- 
alence of asthma in industrialized and developing coun- 
tries has led to the "hygiene hypothesis* which suggests 
that reduced exposure to environmental antigens and 
infections that cause Thl resporjses early in life (due to 
immunization and urban residence) results in reduced 
ability to generate a Thl response. 

Interferon-7 (IFN-^) can counter Th2 activity by inhib- 
iting development and expansion of Th2 cells and reduc- 
ing the production of cytokines, but it does not reverse 
the lineage of committed Th2 CD4'*' cells. lFN-7 may also 
inhibit production of IgE by B cells. IL-12 enhances IFN-7 
production (especially in the presence of u-18) and is 
primarily produced by antigen-presenting cells. Although 
Thl responses are inflammatory, they do not lead to 
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eosinophil recruitment. Both IH2 and IFN-7 have been 
used to attenuate or prevent airway inflanamation in ex- 
perimental models and limited studies in humans. 

In general two genetic approaches have been used to 
treat asthma: immunomodulation and supportive, non- 
immune mechanisms. Both strategies include imagina- 
tive approaches based on newly described mechanisms of 
epithelial and smooth muscle cell inflammation. 

Modulation of Immune Pathways 
The idea that a Thl response is preferable to the Th2- 
driven recruitment of eosinophils has stimulated interest 
in strategies to repress the activity of Th2 cells and cyto- 
kine production In the airway. Both IFN-7 and lL-12 in- 
duce Thl cell differentiation and function and downregu- 
late cytokine production by Th2 cells, thereby limiting 
eosinophil recruitment and activation and reducing AHR. 
Observations in murine models of allergic asthma repre- 
sent the bulk of gene transfer studies involving modula- 
tion of airway immunobiology. These approaches are par- 
ticularly relevant because reduced levels of IFN-7 have 
been noted in asthmatics and in mouse models of allergic 
asthma [2]. 

IL-12 is a heterodimer, composed of p3S and p40 sub- 
units, that cause JFN-y production, Thl-cell differentia- 
tion, and downregulation of Th2-cell function, IL-12 also 
promotes Thl cell differentiation through transcription 
of IFN-7 mediated by the Signal Transducer and Activator 
of Transcription (STAT) 4. Lee and colleagues cleverly 
produced a single chain polypeptide that consisted of 
both suburiits of IL-12 separated by a proteolytlcally re- 
sistant linker of 18 amino acids In length [31. Liposomal- 
mediated transfer of a plasmid encoding this IL-12 variant 
to the airway epithelium of mice with allergic airway 
inflammation caused by sensitization to dust mite anti- 
gen led to reduced IL-5 levels, increased IFN-*y levels, and 
less eosinophil Infiltration into the lung. Their findings 
included significant reductions in allergen-induced in- 
creases in AHR. Hogan et al. used a recombinant vaccinia 
virus to deliver both subunits of murine IL-12 into the 
lungs of ovalbumin-scnsitizcd mouse lungs before and 
after aerosol re-challenge with ovalbumirL This approach 
suppressed Th2 cytokine production and prevented air- 
way inflammation and AHR through an IFN^ dependent 
pattiway [2]. Also noted In the latter study were reduced 
levels of antigen-specific IgE and IgG^. Impressively, re- 
ductions in AHR were sustained for up to 4 weeks follow- 
ing gene transfer. Other groups used adenoviral-mediated 
IL-12 gene transfer to counteract the effects of GM-CSF 
induced airway inflammation [4], Dowmegulation of IL-5 
has also been effected through plasmid-mediated transfer 
of GaIectin-3--an IgE-binding protein that selectively in- 
hibits 11^5 transcription— to the airways of ovalbumin 
sensitized and challenged Brown-Norway rats [5]. Local- 
ized delivery of a gene encoding IL-12 might be expected 
to overcome many of the systemic side effects of IL-12; 



however, the results of these studies must be interpreted 
in the context of human studies showing that IL-12 does 
not reduce airway hyper-reactivity or the late responses to 
allergen in mfld asthmatics [6]. Further, mice with tar- 
geted deletions of lL-5 still develop eosinophilia in re- 
sponse to allergen challenge; thus; it is not yet dear if 
abrogation of Th2 cytokine production will be sufficient 
to effect clinically significant reductions in airway inflam- 
mation [7]. 

In a dififerent approach, Behera and colleagues [8] 
transduced the airway epithelium of ovalbumin-sensi- 
tized mice with an adenovirus expressing murine IFN-7 
and noted significant reduction of AHR and reduced IL-4, 
11^5, and eosinophil numbers in BALF fluid. These effects 
were mediated through a STAT-4 dependent pathway. 
Similar effects using a liposomal delivery system and plas- 
mids encoding either human or murine IFN--y genes have 
been reported by other groups [9,10]. iL-12 stimulated 
IFN-'Y production is enhanced 10 fold in the presence of 
IL-18, This combination of IL-12 and IL-18 reduces IgE 
synthesis and induces IFN-7 production by B cells [11]. 
Walter and colleagues administered a recombinant ade- 
novirus expressing murine IL-18 intranasally to mice and 
examined iu effects on ovalbumin-induced AHR. They 
noted increased production of IFN-y and reduced TL-4 
levels, consistent with a shift toward a Thl response. 
Reduced airway eosinophilia and goblet cell hyperplasia 
were also noted. Impottantiy, IL-18 gene transfer obviated 
AHR in ovalbtmiin-sensitized and re-chailenged mice, es- 
sentially reversing the phenotype of ovalbutnin-induced 
allergic asthma. However, IH8 in the absence of IL-12 
accentuates airway inflammation and AHR, rendering the 
dinical utility of this approach difficult to forecast. 

In this issue of Molecular Therapy, Zavorotinskaya and 
colleagues [12] report the effects of adeno-associated vi- 
ms-mediated gene transfer of a competitive inhibitor of 
the common subunlt of the IL-4 and IL-13 receptors, 
IL-4Ra. This approach, which is an extension of a dinical 
trial using an intravenously administered recombinant 
human IL-4R antagonist [13], attenuated lL-4 and IL-13 
mediated inflammation, reduced airway mucous produc- 
tion, and prevented allergen-induced increases in AHR. 
The multi-faceted effects of this paracrine approach in 
terminally differentiated airway epithelial ceUs is an at- 
tractive idea, especially in light of the increased expres- 
sion of the IL-4Ra chain in the airway epithelium and 
subepithelium of asthmatics [14]. 

IL-10 is botti immunosuppressive (via inhibition of 
cytokine production by both Thl and Th2 cells) and 
anti-inflammatory; IL-lO is thus an attractive target to 
prevent both Thl and Th2 responses, rather than simply 
redirecting CD4"^ T-ceU polarization from a Tb2 to a 
Thl phenotype. Adoptive transfer of antigen-specific Th 
cells retrovirally transduced with murine IL-10 led to de- 
aeased airway inflammation and AHR in ovalbmnin-sen- 
sitired and aerosol-rechallenged BALB/c mice [15]. IL-10 
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also counteracts the proinflammatoiy effects of GM-CSF 
in an ovalbumin mouse model [16]. While IL-10 prevents 
inflammation, data from IL-10 knockout mice suggested 
that it rai^t contribute to AHR in this model of asthma 
[17], suggesting that IL-10 in the presence of eosinophilic 
inflammation might act directly on airway smooth mus- 
cle cells or via an eoslnophil-lndependent intermediary to 
increase AHR. 

Several groups have reported that nonmethylated bac- 
terial CpG motifs are immunomodulatory. Kline and col- 
leagues have shown that CpG ollgodcoxynudeotides in- 
duce Thl responses that prevent and reverse ovalbumin' 
induced asthma in mice [18-20]. These effects might be 
mediated through deaeased 11^5 production and in- 
creased production of the Thl cytokines IL-10, IL-12, and 
IFN-7 [21]. Oligodeoxjmuclcotides or plasmids incorpo- 
rating CpG motifs could be readily delivered to the air- 
ways and might have therapeutic potential. 

Other investigators have identified intracellular targets 
of asthma therapy. For example, STAT-6 transduces IL- 
4Ra signals to the nucleus and could be targeted to pre- 
vent IL^ mediated effects or enhancement of IFN-y ef- 
fects via upregulation of STAT-4. Recently, reduced levels 
of the Thl transcription factor, T-bet, have been noted in 
T cells from himians with asthma. T-bet knockout mice 
develop an asthma phenotype independent of allergen 
exposure [22], suggesting that T-bet gene transfer might 
prove effective in regulating airway inflammation. 

Transfonning growth factor-p CTGF-p), like IL-10, is an 
immunosuppressive and anti-inflammatory cytokine. 
Hansen and colleagues used Th cells transduced with a 
retroviral veaor that results in secretion of a latent TGF-p 
to show that TG5-p-secreting Th cells, but not antigen- 
specific Thl cells, reduce AHR and airway inflammation 
in the ovalbumin mouse model [23]. These findings high- 
light the important role for TGF-p in regulating epithelial 
inflammation. 

Many of the studies identified above used recombinant 
adenoviruses, a situation likely reflecting their ease of 
construction and their ability to accommodate large cx» 
presslon cassettes, as well as the natural tropism of these 
human viruses for airway epithelia. These viruses have 
been used in a variety of experimental systems and, in 
general, induce significant host responses in the form of 
capsid- and transgene-related inflammation. Interest- 
ingly, two groups have reported small decreases in AHR 
and Th2 cytokine levels in mice infected with recombi- 
nant adenoviruses [8,11]. These changes may be related to 
a Thl response induced by viral capsids or perhaps CpG 
motifs incorporated into the recombinant viral genome. 

Each of the studies outlined above represents a method 
to redirect CD4'*' polarization from a primarily Th2 to a 
Thl phenotype. These studies are based on the hypothesis 
that Thl responses are associated with less eosinophil 
recmitment and activation than are Th2 responses and 
were borne from recent data regarding the molecular 



pathogenesis of allergy and inflarrunatlon in experimen- 
tal animals. It is likely that similar processes occur in the 
human airway, although whether they contribute to in- 
flammation in humans to the same degree as they do in 
mice remains to be determined. It is important to high- 
light that abrogation of a sin^e inflammatory pathway 
may not affect meaningful reductions of epithelial in- 
flammation. Thus, it is reasonable to speculate that "re- 
programming" CIM"^ responses with gene transfer may 
someday be part of a complex, multidimensional attack 
on allergen and inflararaatlon-induced increases in air- 
ways resistance via attenuation of epithelial inflarruna- 
tion and perhaps modulation of airway smooth muscle 
cell function. 

Supportive Approaches 

Another avenue for genetic therapy of asthma includes 
the development of supportive approaches that reduce 
airway resistance via enhanced bronchodilation or re* 
duced epithelial cell mucous production. Recently, a 
transgenic mouse with Pz-^'^'^^i^firglc receptor overcxpres- 
sion confined to Qara cells was shown to be highly resis- 
tant to ozone-induced changes in airway reactivity, sug- 
gesting that upregulation of this catecholamine receptor 
can accentuate p-agonlst-mediated bronchodilation [24]. 
This same group has published the design of a reengi- 
neered p^-receptor for use as a genetic pharmaceutical 
[25]. This "new and improved'' p-receptor is resistant to 
desensitization and responds to a novel ligand that could 
be provided by aerosol to produce bronchodilation. Pre- 
liminary data from the author's laboratory indicates that 
adenoviral-mediated overexpression of a Pz-adrenergic re- 
ceptor in the bronchial epithelium of normal mice atten- 
uates methachoUne-induced bronchospasm [26], Re- 
cently, 21-mer phosphorothioate respirable antiscnse 
nucleotides (RASONs) directed against the type 1 adeno- 
sine receptor (Al) have been reported [27]. Limited peer- 
reviewed data describing the in vivo efficacy, absorption, 
distribution, metaboUsm, and excretion of these oli- 
gomers in animal models of allergic asthma suggest that 
RASONs can effect long-acting inhibition of airway epi- 
thelial Al receptors. It is possible that RASONs may alter 
the balance of adenosine receptor function toward the 
A2a receptor, which, like the increases Intracellular 
levels of cAMP and leads to bronchodilation and possibly 
decreased airway inflammation. 

Gob-S Is a member of the Ca**-dcpcndent chloride 
charmel family that has been localized to the airway ep- 
ithelium and identified as a key molecule in the induction 
of murine allergic asthma [28]. Adenoviral-mediated ex- 
pression of antisense Gob-S RNA in the bronchial eplthe- 
Uum has l>cen shown to reverse the asthma phenotype in 
allergen (ovalbumin) sensitized mice by deaeasing AHR 
and mucous production. This adjunctive approach ad- 
dresses an important part of the pathophysiology and 
symptom complex associated with asthma. 



iVlOLCCULAR TiiitMAine VdJ, 7, NO, Z, Hbr\»ry 2003 



dol:1 0.1 01 6/51 5Z5-001 6(03)00003-0 



Glucocorticoid-resistant asthma, de&ied as persistent 
airway inflamniation despite high doses of oral steroids, is 
a common, frustrating clinical problem with no therapeu- 
tic solution. Mathleu and colleagues have suggested that 
overexpression of a glucocorticoid receptor might over- 
come defects in receptor expression and function in ste* 
roid-insensitive asthmatics [29]. This group transduced 
human lung cancer cells (A549) with an adenovirus ex- 
pressing a full-length mouse glucocorticoid receptor and 
observed significant repression of the pro-inflanmiatory 
transcriptional regulators, AP-1 and NF-kB, without the 
addition of glucocorticoids. Although in vivo data are not 
yet available, this approach offers the possibility of sus- 
tained, localized glucocorticoid-effects that could over- 
come the hypertension, hyperglycemia, weight gain, psy- 
chosis, and cataracts associated with systemic steroid use. 
VP22 is a herpes simplex virus protein that affects actin<^ 
dependent intracellular trafficking to the nucleus. When 
VP22 was fused to the amino-terminal end of a truncated 
glucocorticoid receptor, enhanced repression of NF-kB 
was observed. 

Genomic Promises 

Important asthma lod are thought to exist on chromo- 
somes 5q (Th2 cytokines), 6q CTNFa), llq (high affinity 
IgE receptor ^ subunit ([FceRip]), 12q (IL-«a chain), 14q 
(T cell receptor a/d complex), and 20p (ADAM33). Each of 
these gene products represents potential targets for ge- 
netic therapy. Further, polymorphisms of the coding and 
S' flanking regions of key asthma-related genes such as 
the P2-adrenergic receptor, CTLA4, and CD28 have been 
identified that may affect disease severity and/or respon- 
siveness to therapy. 

The Hurdles Ahe^d 

The airway epithelium is a heterogeneous organ that 
plays a key role in the immunobiology of asthma [30], Its 
accessibility makes it a logical target for genedc anti- 
asthma therapies. Most currently available asthma medi* 
cations are short-lived and mediate their effects through 
membrane-bound receptors. Gene transfer offers the op- 
portunity to effect sustained modulation of the immuno- 
logic and non-immunologic processes of asthma. 

Nevertheless, numerous hurdles remain before thera- 
peutic gene transfer for asthma can be considered. The 
first obstacle will be affecting efficient gene transfer to the 
airway epithelium. The ability of adenovirus and adeno- 
assodated viruses to transduce the airway epithelium is 
limited. This is the result of the abluminal location of 
receptors for these viruses [31] and the presence of phys- 
ical and immunologic host defenses that have evolved to 
protect the airway from respiratory pathogens. For exam- 
ple, epithelial glycoproteins and mucous serve as filters 
that limit access to epithelial cells and likely participate in 
signal transduction pathways that activate epithelial de- 
fense mechanisms. Additionally, neutralizing antibodies 



and antigen specific phagocytes are prevalent in the adult 
population. Methods that overcome these defenses by 
eliminating barriers [32] and/or improving access of vec- 
tor to their respective receptors have been successfully 
tested in experimental systems [33,34]. An additional sig- 
nificant obstacle to gene transfer for asthma includes in- 
flammation-induced loss of epithelial cells, which can be 
expected to attentiate the dtiration of transgene expres- 
sion. Likewise, increased mucous and edema formation in 
asthma could further limit transduction efficiency, al- 
thovigh data from a model of acute lung injury shows that 
adenoviruses are capable of transducing edematous, se- 
verely injured lungs [35], 

Current paradigms of asthma are based primarily on 
allergen induced airway epithelial inflammation. It is 
likely that asthma is a phenotype that reflects presently 
undefined polygenic mechanisms. Hence, the absence of 
a central pathophysiologic process responsible for in- 
aeases in airway resistance and inflammation make 
asthma a yet formidable target for gene therapy. Contin- 
ued growth in the understanding of asthma and the evo- 
lution of better gene transfer vehicles offer optimism that 
gene therapy may some day allow for long4asting thera- 
pies that forestall the frequent use of inhaled medications, 
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